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Abstract . My article is a brief introductory review of three aspects of the isotope -
based quantum information processing: teleportation , cryptography and computation. It
begins with an introduction to the isotope physics quantum information perspectives.
Experimental and theoretical studies provide evidence that the isotope effect has an
influence on the thermal, elastic and vibrational, as well as electronic, properties of
condensed matter. Substituting a light isotope with a heavy one decreases LO (@Þ
phonon energy and increases the interband transition energy as well as the binding
energy of the Wannier - Mott exciton. We consider both elementary excitations (exciton
and phonon) as a potential qubit. The presence and absence an exciton in a quantum
dot (QD) of isotope - mixed crystal can serve as a qubit. It was shown that a coherent
manipulation of biexcitonic resonances together to exciton can perform conditional two -
qubit (C - NOT) operations. The unusually long life - time and the high occuracy in the
determination of the LO - phonon frequency hold promise for applications in quantum
communication processing. Our results demonstrate not only that entanglement exists in
elementary excitations of isotope - mixed solids but also that it can be used for quantum
2information processing.
1. Introduction .
The a c c u m u l a t e d v o l u m i n o u s theoretical a n d e x p e r i m e n t a l d a t a s u g g e s t that t h e
i s o t o p e composition of a crystal lattice e x e r t s s o m e influence o n t h e thermal , elastic , a n d
v i b r a t i o n a l p r o p e r t i e s of crystals . The bright effects o b s e r v e d h a v e to d o with
d e p e n d e n c e of p h o n o n f r e q u e n c i e s a n d line widths o n isotopic composition of t h e
crystals . The scattering line in isotopically mixed crystals a r e n o t only shifted b u t also
b r o a d e n e d . This b r o a d e n i n g is r e l a t e d to t h e isotopic d i s o r d e r of a crystal lattice . The
i s o t o p e effect influences o n t h e electronic ( excitonic ) states v i a e l e c t r o n ( exciton ) -
p h o n o n c o u p l i n g ( t h e renormalization of t h e b a n d - to - b a n d transition E g a s well a s t h e
exciton b i n d i n g e n e r g y E b ) . Our review b e g i n s with a n introduction to t h e i s o t o p e
physics q u a n t u m information p e r s p e c t i v e s . Then we analyze t h e c o n c e p t of q u a n t u m
information a n d its application in c o m m u n i c a t i o n , teleportation , , cryptography a s well a s
c o m p u t a t i o n .
Information may b e c r e a t e d , transmitted t h r o u g h t h e s p a c e a n d p r e s e r v e d o r s t o r e d
t h r o u g h o u t time , naturally it also may b e e x t r a c t e d . Information is e m b e d d e d in a
particular p a t t e r n in s p a c e o r time , it d o e s n o t c o m e in t h e form of e n e r g y , f o r c e s o r
fields , o r anything material , a l t h o u g h e n e r g y a n d / o r matter a r e n e c e s s a r y to carry
information in q u e s t i o n . Information always h a s a s o u r c e o r s e n d e r ( where t h e original
p a t t e r n is l o c a t e d o r g e n e r a t e d ) a n d a recipient ( where t h e i n t e n d e d c h a n g e is s u p p o s e d
to o c c u r ) . It must b e transmitted from o n e ( body , s p a c e etc . ) to t h e o t h e r . A n d for t h e
specific c h a n g e to o c c u r , a specific physical m e c h a n i s m must exist a n d b e a c t i v a t e d .
W e usually call this action information p r o c e s s i n g . As was indicated a b o v e , Information
c a n b e s t o r e d a n d r e p r o d u c e d , either in t h e form of t h e original p a t t e r n , o r of s o m e
t r a n s f o r m a t i o n of it .
W e may of classical information a s b e i n g e m b o d i e d in t h e state of a physical
system which h a s b e e n p r e p a r e d in a state unknown to u s ( t h e r e c e i v e r ) . By p e r f o r m i n g
a m e a s u r e m e n t to identify t h e state ( which is always possible in principle in classical
physics ) we a c q u i r e t h e information . The simplest s u c h situation consists of a physical
system , called a bit , which is p r e p a r e d in o n e of two possible states , d e n o t e d 0 a n d 1 .
W e o f t e n allow t h e r e c e i v e r to h a v e a priory probabilistic knowledge of t h e state . For
e x a m p l e in t h e c a s e of a bit , t h e r e c e i v e r will know a h e a d of time that t h e state will b e 0
( respectively 1 ) with probability p 0 ( respectively p 1 ) In this s c e n a r i o t h e p r o f o u n d a n d
beautiful theory of S h a n n o n [ 1 8 ] g i v e s a p r e c i s e mathematical quantification of t h e
intuitive c o n c e p t of information l e a d i n g to e x t e n s i v e d e v e l o p m e n t of g r e a t theoretical
a n d practical interest . F u r t h e r we will c o n s i d e r t h e a n a l o g o u s situation in t h e c o n t e x t of
q u a n t u m theory . Thus q u a n t u m information is e m b o d i e d in a g i v e n unknown q u a n t u m
state . W e will s e e that this apparently n a t u r a l g e n e r a l i z a t i o n of t h e classical situation will
differ dramatically from its classical c o u n t e r p a r t . As we know t h e unit of q u a n t u m
information qubit ( i n t r o d u c e d by S c h u m a c h e r [ 5 4 ] ) may b e labelled by two real
p a r a m e t e r s S a n d j ( s e e below e q u a t i o n ( 1 5 ) ) . Thus we c a n apparently e n c o d e a n
arbitrarily l a r g e a m o u n t of classical information into t h e state of just o n e qubit ( by c o d i n g
3the information into the sequence of digits of S a n d j . H o w e v e r in c o n t r a s t to classical
physics , q u a n t u m m e a s u r e m e n t theory p l a c e s limitations o n t h e a m o u n t of information
we c a n o b t a i n e d a b o u t t h e identity of a g i v e n q u a n t u m state by p e r f o r m i n g any
c o n c e i v a b l e m e a s u r e m e n t o n it ( s e e , also [ 1 1 0 ] ) .
Thanks to e n o r m o u s a m o u n t of work in t h e Q u a n t u m information p r o c e s s i n g ( QIP )
field o v e r t h e p a s t d e c a d e ( s e e , e . g . [ 4 6 , 4 7 , 6 8 ] ) , . we know that it s h o u l d b e possible to
u s e qubits to realize fundamentally new a n d m o r e powerful m e t h o d s for c o m p u t a t i o n
a n d c o m m u n i c a t i o n [ 1 1 0 ] . In o t h e r words , o n e o u t p u t to b e a b l e to h a r n e s s t h e
" s p o o k i n e s s " of q u a n t u m m e c h a n i c s , in particular q u a n t u m correlations [ 2 1 , 3 7 ] , to
a c h i e v e a r e v o l u t i o n a r y form of information p r o c e s s i n g . As we know that algorithms for
factoring l a r g e i n t e g e r s c a n b e realized faster in a suitably c h o s e n QIP system t h a n in
c o n v e n t u a l c o m p u t e r [ 6 5 ] . On t h e o t h e r side , any practical implementation of a QIP
system n e e d s to m e e t s e v e r a l s t r i n g e d criteria in o r d e r to o p e r a t e successfully [ 6 4 ] . First
of all , t h e qubits ( which c a n also b e t h o u g h t of a s q u a n t u m m e m o r i e s [ 1 0 8 ] must b e
sufficiently isolated s o that they c a n t h e n b e directly a n d conditionally m a n i p u l a t e d in a
controlled e n v i r o n m e n t . They n e e d to b e initialized precisely a n d t h e n efficiently
m e a s u r e d . The e f f e c t i v e interactions a m o n g qubits s h o u l d also b e carefully t u n e d , a n d a
set of u n i v e r s a l q u a n t u m o p e r a t i o n s s h o u l d b e m a d e possible in o r d e r to p e r f o r m any
o t h e r r e q u i r e d q u a n t u m g a t e . Most importantly , t h e system must b e scalable to m o r e
t h a n few qubits . c o n s e q u e n t l y a l a r g e - scale QIP system is e x p e c t e d to include of t h e
o r d e r of t e n s to h u n d r e d s of qubits a r r a n g e d in a c o n f i g u r a b l e way [ 4 5 ] , d e p e n d i n g o n
t h e q u a n t u m r o u t i n e to b e a c h i e v e d . In o r d e r to maintain t h e q u a n t u m correlations ,
parallel a d d r e s s i n g of spatially s e p a r a t e d units is also r e q u i r e d , with o p e r a t i o n times
smaller t h a n b o t h local a n d n o n - local d e c o h e r e n c e times . Scalability a n d r o b u s t n e s s
a r e h e n c e arguably two of t h e most d e m a n d i n g r e q u i r e m e n t s facing t h e practical
implementation of q u a n t u m information p r o c e s s i n g .
As will b e shown , optical p r o p e r t i e s of different QDs c a n b e taylored by v a r y i n g t h e
size , s h a p e a n d composition material of t h e QD , thereby offering a suitable s c e n a r i o to
implement all - 0 p t i c a l a p p r o a c h e s for t h e c o h e r e n t control of qubits a n d their
interactions . Thus , s e m i c o n d u c t o r n a n o s t r u c t u r e s i n t e g r a t e d with ultrafast optics
technology , a r e t h e r e f o r e a n a t t r a c t i v e solid - state a l t e r n a t i v e for c o n s t r u c t i n g scalable
a n d fault - tolerant a r c h i t e c t u r e s in o r d e r to implement q u a n t u m information p r o c e s s i n g
for q u a n t u m c o m p u t a t i o n a n d c o m m u n i c a t i o n . It is b e l i e v e d that t h e array of q u a n t u m
d o t s with e l e c t r o n spin o r exciton may b e u s e d a s t h e basic building block for f u t u r e
q u a n t u m information p r o c e s s i n g d e v i c e s .
2 . Isotope e f f e c t in condensed m a t t e r .
F u n d a m e n t a l s of t h e i s o t o p e effect in c o n d e n s e d matter is d e v o t e d c o m p r e h e n s i v e
m o n o g r a p h s [ 1 , 2 ] a n d excellent reviews [ 3 - 5 ] . In this p a p e r we briefly d e s c r i b e only
manifestation of i s o t o p e effect in electronic a n d p h o n o n states of t h e c o n d e n s e d matter .
Substituting a light i s o t o p e with a h e a v y o n e i n c r e a s e s t h e i n t e r b a n d transition e n e r g y E g
( e x c l u d i n g C u - salts ) a n d t h e b i n d i n g e n e r g y of t h e W a n n i e r - Mott exciton E b a s well a s
t h e m a g n i t u d e of t h e longitudinal - t r a n s v e r s e splitting ALT [ 2 ] . The n o n l i n e a r v a r i a t i o n of
4these quantities with the isotope concentration is due to the isotopic disordering of the
crystal lattice and is consistent with the concentration dependence of line halfwidth in
exciton reflection and luminescence spectra. A comparative study of the temperature
and isotopic shift of the edge of fundamental absorption for a large number of different
semiconducting and insulating crystals indicates that the main (but not the only)
contribution to this shift comes from zero oscillations whose magnitude may be quite
considerable and comparable with the energy of LO(@ ) p h o n o n s ( C , LiH ) . The theoretical
description of t h e experimentally o b s e r v e d d e p e n d e n c e of t h e b i n d i n g e n e r g y of t h e
W a n n i e r - Mott exciton E b o n t h e n u c l e a r m a s s r e q u i r e s t h e s i m u l t a n e o u s c o n s i d e r a t i o n
of t h e e x c h a n g e of LO p h o n o n s between t h e e l e c t r o n a n d h o l e in t h e exciton , a n d t h e
s e p a r a t e interactions of carriers with LO p h o n o n s ( s e e also [ 1 ] ) . The e x p e r i m e n t a l
d e p e n d e n c e E B i f ( x ) for LiH x D 1 - x crystals fits in well e n o u g h with t h e calculation
a c c o r d i n g to t h e model of l a r g e - r a d i u s exciton in a d i s o r d e r e d m e d i u m ; h e n c e it follows
that t h e fluctuation s m e a r i n g of t h e b a n d e d g e s is c a u s e d by isotopic d i s o r d e r i n g of t h e
crystal lattice . D u e to z e r o - point motion , t h e a t o m s in a solid feel t h e anharmonicity [ 6 ] of
t h e interatomic potential e v e n at low t e m p e r a t u r e s . Therefore , t h e lattice p a r a m e t e r s of
two chemically identical crystals f o r m e d by different i s o t o p e s d o n o t coincide h e a v i e r
i s o t o p e s h a v i n g smaller z e r o - point delocalization ( a s e x p e c t e d in a h a r m o n i c
a p p r o x i m a t i o n ) a n d smaller lattice p a r a m e t e r s ( a n a n h a r m o n i c effect ) . M o r e o v e r ,
p h o n o n - r e l a t e d p r o p e r t i e s s u c h a s thermal conductivity , thermal e x p a n s i o n o r melting
t e m p e r a t u r e , a r e e x p e c t e d to d e p e n d o n t h e i s o t o p e m a s s ( for details s e e [ 1 - 5 ] ) .
C o n c e r n i n g t h e influence of t h e i s o t o p e effect o n t h e p h o n o n states , we s h o u l d
r e m i n d that p h o n o n f r e q u e n c y a r e directly a f f e c t e d by c h a n g e s of t h e a v e r a g e m a s s of
t h e whole crystal o r its sublattice ( V C A - m o d e l ) , e v e n if we look u p o n t h e m a s
n o n i n t e r a c t i n g particles , i . e . , a s h a r m o n i c oscillators . The direct influence of t h e i s o t o p e
m a s s o n t h e f r e q u e n c i e s of c o u p l e d p h o n o n m o d e s may b e e n u s e d to d e t e r m i n e their
e i g e n v e c t o r s . Secondly , t h e m e a n s q u a r e amplitude Ö u 2 × of p h o n o n s d e p e n d o n t h e
i s o t o p e m a s s e s only at low t e m p e r a t u r e , while they a r e d e t e r m i n e d by t h e t e m p e r a t u r e T
only , o n c e T b e c o m e s l a g e r t h a n D e b y e t e m p e r a t u r e . A r e f i n e m e n t of t h e s e effects must
t a k e p l a c e when taking interactions a m o n g p h o n o n s into a c c o u n t . These interactions
l e a d to finite p h o n o n lifetimes a n d additional f r e q u e n c y renormalization . The underlying
p r o c e s s e s c a n b e d i v i d e d into two classes : 1 ) a n h a r m o n i c interactions in which a z o n e
c e n t e r p h o n o n decays into two p h o n o n s o r m o r e with wave - v e c t o r a n d e n e r g y
c o n s e r v a t i o n , a n d 2 ) elastic scattering in which a p h o n o n scatters into p h o n o n s of similar
e n e r g i e s b u t different wave - v e c t o r s . W h i l e t h e f o r m e r p r o c e s s e s arise from cubic a n d
quartic terms in t h e e x p a n s i o n of lattice potential [ 6 ] , t h e latter a r e d u e to t h e r e l a x e d
wave - v e c t o r c o n s e r v a t i o n rule in s a m p l e s that a r e isotopically d i s o r d e r e d a n d t h u s n o t
strictly translationally i n v a r i a n t . Since t h e v a s t majority of c o m p o u n d s d e r i v e from
e l e m e n t s h a v i n g m o r e t h a n o n e stable i s o t o p e , it is clear that b o t h p r o c e s s e s a r e
p r e s e n t most of t h e time . Unfortunately , their a b s o l u t e sizes a n d r e l a t i v e i m p o r t a n c e
c a n n o t b e p r e d i c t e d easily . H o w e v e r , i s o t o p e e n r i c h m e n t allows o n e to s u p p r e s s t h e
elastic scattering i n d u c e d by i s o t o p e d i s o r d e r . In c o n t r a s t , t h e a n h a r m o n i c
p h o n o n - p h o n o n interaction c a n n o t b e s u p p r e s s e d , s o that i s o t o p e - d i s o r d e r - i n d u c e d
effects c a n only b e s t u d i e d a g a i n s t a b a c k g r o u n d contribution from a n h a r m o n i c
p r o c e s s e s . H o w e v e r , if o n e a s s u m e s that t h e two p r o c e s s e s a r e i n d e p e n d e n t of e a c h
o t h e r o n e c a n m e a s u r e t h e d i s o r d e r - i n d u c e d renormalization by c o m p a r i s o n of p h o n o n
5e n e r g i e s a n d linewidth of isotopically p u r e s a m p l e s with t h o s e g a i n e d from d i s o r d e r e d
o n e s .
2 . 1 . M o l e c u l a r ( phonon ) vibrations in isotope - m i x e d s y s t e m s .
Isotopic substitution only affects t h e wavefunction of p h o n o n s ; t h e r e f o r e , t h e e n e r g y
v a l u e s of e l e c t r o n l e v e l s in t h e S c h r  d i n g e r e q u a t i o n o u g h t to h a v e r e m a i n e d t h e s a m e .
This , h o w e v e r , is n o t s o , since isotopic substitution modifies n o t only t h e p h o n o n
s p e c t r u m , b u t also t h e c o n s t a n t of e l e c t r o n - p h o n o n interaction ( s e e a b o v e ) . It is for this
r e a s o n that t h e e n e r g y v a l u e s of purely e l e c t r o n transition in molecules of hydride a n d
d e u t e r i d e a r e f o u n d to b e different [ 7 ] . This effect is e v e n m o r e p r o m i n e n t when we a r e
d e a l i n g with a solid [ 8 ] . Intercomparison of a b s o r p t i o n s p e c t r a for thin films of LiH a n d
LiD at r o o m t e m p e r a t u r e r e v e a l e d that t h e l o n g w a v e maximum ( a s we know now , t h e
exciton p e a k [ 9 ] ) m o v e s 6 4 . 5 m e V towards t h e s h o r t e r w a v e l e n g t h s when H is r e p l a c e d
with D . For o b v i o u s r e a s o n s this f u n d a m e n t a l result c o u l d n o t t h e n r e c e i v e consistent
a n d c o m p r e h e n s i v e interpretation , which d o e s n o t b e little its i m p o r t a n c e e v e n today . As
will b e shown below , this effect b e c o m e s e v e n m o r e p r o n o u n c e d at low t e m p e r a t u r e s
( s e e , also [ 9 ] ) .
Below we d e s c r i b e shortly t h e manifestations of t h e i s o t o p e effect in molecular a s
well a s solid state physics ( m o r e details s e e [ 1 0 ] ) . The d i s c o v e r y [ 1 1 ] of t h e new
fullerene allotropes of c a r b o n , exemplified by C 6 0 a n d s o o n followed by a n efficient
m e t h o d for their synthesis [ 1 0 ] , led to a b u r s t of theoretical a n d e x p e r i m e n t a l activity o n
their physical p r o p e r t i e s . Much of this activity c o n c e n t r a t e d o n t h e v i b r a t i o n a l p r o p e r t i e s
of C 6 0 a n d their elucidation by R a m a n scattering [ 1 1 ] . C o m p a r i s o n between theory a n d
e x p e r i m e n t was greatly simplified by t h e h i g h symmetry ( I h ) , resulting in only t e n R a m a n
a c t i v e m o d e s for t h e isolated molecule a n d t h e r e l a t i v e weakness of solid state effect
[ 1 1 ] , c a u s i n g t h e crystalline C 6 0 ( c - C 6 0 ) R a m a n s p e c t r u m at low resolution to d e v i a t e
only slightly from that e x p e c t e d for t h e isolated molecule . Since t h e n a t u r a l a b u n d a n c e of
1 3 C is 1 . 1 1 % ( s e e , e . g . [ 5 ] ) , almost half of all C 6 0 molecules m a d e from n a t u r a l g r a p h i t e
c o n t a i n o n e o r m o r e 1 3 C i s o t o p e s . If t h e s q u a r e d f r e q u e n c y of a v i b r a t i o n a l m o d e in a
C 6 0 molecule with n 1 3 C i s o t o p e s is written a s a series g 2 = gÝ0 Þ
2 + gÝ1 Þ
2 + gÝ2 Þ
2 + gÝ3 Þ
2 + . . . . . .
in t h e m a s s p e r t u r b a t i o n ( where gÝ0 Þ is a n e i g e n m o d e f r e q u e n c y in a C 6 0 molecule with
6 0 1 2 C a t o m s ) , n o n d e g e n e r a t e p e r t u r b a t i o n theory predicts for t h e two totally symmetric
A g m o d e s a first - o r d e r c o r r e c t i o n g i v e n
gÝ1 Þ
2
gÝ0 Þ
2 = -
n
7 2 0 . ( 1 )
This r e m a r k a b l e result , i n d e p e n d e n t of t h e r e l a t i v e position of t h e i s o t o p e s within t h e
molecule a n d equally i n d e p e n d e n t of t h e u n p e r t u r b e d e i g e n v e c t o r , is a direct
c o n s e q u e n c e of t h e e q u i v a l e n c e of all c a r b o n a t o m s in i c o s a h e d r a l C 6 0 . To t h e s a m e
o r d e r of accuracy within n o n d e g e n e r a t e p e r t u r b a t i o n theory , t h e R a m a n polarizability
d e r i v a t i v e s c o r r e s p o n d i n g to t h e p e r t u r b e d m o d e s a r e e q u a l to their u n p e r t u r b e d
c o u n t e r p a r t s , since t h e m o d e e i g e n v e c t o r s r e m a i n u n c h a n g e d . These results l e a d to t h e
following c o n c l u s i o n [ 1 1 ] : The A g R a m a n s p e c t r u m from a set of n o n i n t e r a c t i n g C 6 0
molecules will mimic their m a s s s p e c t r u m if t h e i s o t o p e effect o n t h e s e v i b r a t i o n s c a n b e
6d e s c r i b e d in terms of first - o r d e r n o n d e g e n e r a t e p e r t u r b a t i o n theory . It is n o m e a n s
o b v i o u s that C 6 0 will m e e t t h e r e q u i r e m e n t s for t h e validity of this simple t h e o r e m . A
n o n d e g e n e r a t e p e r t u r b a t i o n e x p a n s i o n is only v a l i d if t h e A g m o d e is sufficiently isolated
in f r e q u e n c y from its n e i g h b o r i n g m o d e s . S u c h isolation is n o t , of c o u r s e , r e q u i r e d by
symmetry . E v e n if a p e r t u r b a t i o n e x p a n s i o n c o n v e r g e s , t h e r e is n o a priori r e a s o n why
s e c o n d - a n d h i g h e r - o r d e r c o r r e c t i o n to E q . ( 1 ) s h o u l d b e negligible . As was shown in
cited p a p e r t h e e x p e r i m e n t a l R a m a n s p e c t r u m ( s e e below ) of C 6 0 d o e s a g r e e with t h e
prediction of E q . ( 1 ) . M o r e o v e r , a s was shown in q u o t e d p a p e r , e x p e r i m e n t s with
isotopically e n r i c h e d s a m p l e s display t h e striking correlation between m a s s a n d R a m a n
s p e c t r a p r e d i c t e d by t h e a b o v e simple t h e o r e m . Fig . 1 shows a h i g h - resolution R a m a n
s p e c t r u m at 3 0 K in a n e n e r g y r a n g e close to t h e h i g h - e n e r g y p e n t a g o n a l - p i n c h A g ( 2 )
v i b r a t i o n a c c o r d i n g to [ 1 1 ] . Three p e a k s a r e r e s o l v e d , with i n t e g r a t e d intensity of 1 . 0 0 ;
0 . 9 5 ; a n d 0 . 3 5 r e l a t i v e to t h e s t r o n g e s t p e a k . The insert of this figure shows t h e
e v o l u t i o n of this s p e c t r u m a s t h e s a m p l e is h e a t e d . The p e a k s c a n n o t b e r e s o l v e d
b e y o n d t h e melting t e m p e r a t u r e of C S 2 at 1 5 0 K . The theoretical fit yields a s e p a r a t i o n
of 0 . 9 8 ± 0 . 0 1 c m ? 1 between two main p e a k s a n d 1 . 0 2 ± 0 . 0 2 c m ? 1 between t h e s e c o n d
a n d third p e a k s . The fit also yields full widths at half maximum ( F D W H M ) of 0 . 6 4 ; 0 . 7 0
a n d 0 . 9 0 c m ? 1 , respectively . The m a s s s p e c t r u m of this solution shows t h r e e s t r o n g
p e a k s ( Fig . 1 b ) c o r r e s p o n d i n g to m a s s n u m b e r s 7 2 0 ; 7 2 1 a n d 7 2 2 , with intensities of
1 . 0 0 ; 0 . 6 7 a n d 0 . 2 2 respectively a s p r e d i c t e d from t h e known isotopic a b u n d a n c e of 1 3 C .
The a u t h o r s [ 1 1 ] a s s i g n t h e h i g h e s t - e n e r g y p e a k at 1 4 7 1 c m ? 1 to t h e A g ( 2 ) m o d e of
isotopically p u r e C 6 0 ( 6 0 1 2 C a t o m s ) . The s e c o n d p e a k at 1 4 7 0 c m ? 1 is a s s i g n e d to C 6 0
molecules with o n e 1 3 C i s o t o p e , a n d t h e third p e a k at 1 4 6 9 c m ? 1 to C 6 0 molecules with
two 1 3 C i s o t o p e s . The s e p a r a t i o n between t h e p e a k s is in excellent a g r e e m e n t with t h e
prediction from E q . ( 1 ) , which g i v e s 1 . 0 2 c m ? 1 . In addition , t h e width of t h e R a m a n p e a k
at 1 4 6 9 c m ? 1 , a s s i g n e d to a C 6 0 molecule with two 1 3 C a t o m s , is only 3 0 % l a r g e r t h a n
t h e width of t h e o t h e r p e a k s . This is consistent with t h e prediction of E q . ( 1 ) t o o , that t h e
f r e q u e n c y of t h e m o d e will b e i n d e p e n d e n t of t h e r e l a t i v e position of t h e 1 3 C i s o t o p e s
within t h e molecule . The r e l a t i v e intensity between two i s o t o p e a n d o n e i s o t o p e R a m a n
lines a g r e e s well with t h e m a s s s p e c t r u m ratios . C o n c l u d i n g this p a r t we stress that t h e
R a m a n s p e c t r a of C 6 0 molecules show r e m a r k a b l e correlation with their m a s s s p e c t r a .
Thus t h e study of i s o t o p e - r e l a t e d shift offers a s e n s i t i v e m e a n s to p r o b e t h e v i b r a t i o n a l
dynamics of C 6 0 .
2 . 2 . Isotopic e f f e c t on e l e c t r o n i c ( exciton ) e x c i t a t i o n s .
N e x t e x a m p l e s a r e t h e d e p e n d e n c e of t h e exciton s p e c t r a in solids o n t h e i s o t o p e
effect d e m o n s t r a t e below . Isotopic substitution only affects t h e wavefunction of p h o n o n s ;
t h e r e f o r e , t h e e n e r g y v a l u e s of e l e c t r o n l e v e l s in t h e S c h r  d i n g e r e q u a t i o n o u g h t to
h a v e r e m a i n e d t h e s a m e . This , h o w e v e r , is n o t s o , since isotopic substitution modifies
n o t only t h e p h o n o n s p e c t r u m , b u t also t h e c o n s t a n t of e l e c t r o n - p h o n o n interaction ( s e e
[ 5 ] ) . It is for this r e a s o n that t h e e n e r g y v a l u e s of purely e l e c t r o n transition in molecules
7of hydride a n d d e u t e r i d e a r e f o u n d to b e different . This effect is e v e n m o r e p r o m i n e n t
when we a r e d e a l i n g with a solid [ 2 ] . Intercomparison of a b s o r p t i o n s p e c t r a for thin films
of LiH a n d LiD at r o o m t e m p e r a t u r e r e v e a l e d that t h e l o n g w a v e maximum ( a s we know
now , t h e exciton p e a k ) m o v e s 6 4 . 5 m e V towards t h e s h o r t e r w a v e l e n g t h s when H is
r e p l a c e d with D [ 8 ] .
The mirror reflection s p e c t r a of mixed a n d p u r e LiD crystals c l e a v e d in liquid helium
a r e p r e s e n t e d in Fig . 2 . For c o m p a r i s o n , o n t h e s a m e d i a g r a m we h a v e also plotted t h e
reflection s p e c t r u m of LiH crystals with c l e a n s u r f a c e . All s p e c t r a h a v e b e e n m e a s u r e d
with t h e s a m e a p p a r a t u s u n d e r t h e s a m e conditions . As t h e d e u t e r i u m c o n c e n t r a t i o n
i n c r e a s e s , t h e l o n g - wave maximum b r o a d e n s a n d shifts towards t h e s h o r t e r
w a v e l e n g t h s . As c a n clearly b e s e e n in Fig . 2 , all s p e c t r a exhibit a similar l o n g - wave
s t r u c t u r e . This c i r c u m s t a n c e allows u s to attribute this s t r u c t u r e to t h e excitation of t h e
g r o u n d ( Is ) a n d t h e first excited ( 2 s ) exciton states . The e n e r g y v a l u e s of exciton
maxima for p u r e a n d mixed crystals at 2 K a r e p r e s e n t e d in Table 2 2 of ref . [ 5 ] . The
b i n d i n g e n e r g i e s of excitons E b , calculated by t h e h y d r o g e n - like formula , a n d t h e
e n e r g i e s of i n t e r b a n d transitions E g a r e also g i v e n in Table 5 .
Going b a c k to Fig . 2 , it is h a r d to miss t h e growth of A 1 2 , which in t h e h y d r o g e n - like
m o d e l c a u s e s a n i n c r e a s e of t h e exciton R y d b e r g with t h e r e p l a c e m e n t of i s o t o p e s .
W h e n h y d r o g e n is completely r e p l a c e d with d e u t e r i u m , t h e exciton R y d b e r g ( in t h e
W a n n i e r - Mott m o d e l ) i n c r e a s e s by 2 0 % from 4 0 to 5 0 m e V , whereas E g exhibits a 2 %
i n c r e a s e , a n d at 2 ÷ 4 . 2 K is AE g = 1 0 3 m e V . This quantity d e p e n d s o n t h e t e m p e r a t u r e ,
a n d at r o o m t e m p e r a t u r e is 7 3 m e V , which a g r e e s well e n o u g h with AE g = 6 4 . 5 m e V a s
f o u n d in t h e p a p e r of Kapustinsky et al . [ 8 ] . The single - m o d e n a t u r e of exciton reflection
s p e c t r a of mixed crystals LiH x D 1 - x a g r e e s qualitatively with t h e results o b t a i n e d with t h e
virtual crystal m o d e l ( s e e e . g . Elliott et al . [ 1 2 ] ; O n o d e r a a n d Toyozawa [ 1 3 ] ) , b e i n g at
t h e s a m e time its e x t r e m e realization , since t h e d i f f e r e n c e between ionization potentials
( AQ) for this c o m p o u n d is z e r o . A c c o r d i n g to t h e virtual crystal m o d e l , AQ = 0 implies that
AE g = 0 , which is in contradiction with t h e e x p e r i m e n t a l results for LiH x D 1 - x crystals . The
c h a n g e in E g c a u s e d by isotopic substitution h a s b e e n o b s e r v e d for many b r o a d - g a p
a n d narrow - g a p s e m i c o n d u c t o r c o m p o u n d s ( s e e also [ 9 ] ) .
All of t h e s e results a r e d o c u m e n t e d in Table 2 2 of R e f . [ 5 ] , where t h e v a r i a t i o n of E g ,
E b , a r e shown at t h e i s o t o p e effect . W e s h o u l d highlighted h e r e that t h e most p r o m i n e n t
i s o t o p e effect is o b s e r v e d in LiH crystals , where t h e d e p e n d e n c e of E b = f ( C H ) is also
o b s e r v e d a n d i n v e s t i g a t e d . To e n d this section , let u s n o t e that E g d e c r e a s e s by 9 7 c m - 1
when 7 Li is r e p l a c e d with 6 Li .
Detailed i n v e s t i g a t i o n s of t h e exciton r e f l e c t a n c e s p e c t r u m in C d S crystals were
d o n e by Z h a n g et al . [ 1 4 ] . Z h a n g et al . s t u d i e d only t h e effects of C d substitutions , a n d
were a b l e to explain t h e o b s e r v e d shifts in t h e b a n d g a p e n e r g i e s , t o g e t h e r with t h e
o v e r a l l t e m p e r a t u r e d e p e n d e n c e of t h e b a n d g a p e n e r g i e s in terms of a two - oscillator
m o d e l p r o v i d e d that they i n t e r p r e t e d t h e e n e r g y shifts of t h e b o u n d excitons a n d n = 1
polaritons a s a function of a v e r a g e S m a s s r e p o r t e d earlier by Kreingol  d et al . [ 1 5 ] a s
shifts in t h e b a n d g a p e n e r g i e s . H o w e v e r , Kreingol  d et al . [ 1 5 ] h a d i n t e r p r e t e d t h e s e
shifts a s resulting from isotopic shifts of t h e f r e e exciton b i n d i n g e n e r g i e s , a n d n o t t h e
b a n d g a p e n e r g i e s , b a s e d o n their o b s e r v a t i o n of different e n e r g y shifts of f e a t u r e s
which they identified a s t h e n = 2 f r e e exciton states ( for details s e e [ 1 5 ] ) . The
8o b s e r v a t i o n s a n d interpretations , a c c o r d i n g Meyer at al . [ 1 6 ] , p r e s e n t e d by Kreingol  d et
al . [ 1 5 ] a r e difficult to u n d e r s t a n d , since o n t h e o n e h a n d a significant b a n d g a p shift a s a
function of t h e S m a s s is e x p e c t e d , whereas it is difficult to u n d e r s t a n d t h e origin of t h e
relatively h u g e c h a n g e in t h e f r e e exciton b i n d i n g e n e r g i e s which they claimed . In t h e
p a p e r of Meyer et al . [ 1 6 ] r e e x a m i n e t h e optical s p e c t r a of C d S a s function of a v e r a g e S
m a s s , u s i n g s a m p l e s grown with n a t u r a l C d a n d either n a t u r a l S ( i 9 5 % 3 2 S ) , o r highly
e n r i c h e d ( 9 9 % 3 4 S ) . These a u t h o r o b s e r v e d shifts of t h e b o u n d excitons a n d t h e n = 1
f r e e exciton e d g e s consistent with t h o s e r e p o r t e d by Kreingol  d et al . [ 1 5 ] , b u t , contrary
to their results , Meyer et al . o b s e r v e d essentially identical shifts of t h e f r e e exciton
excited states , a s s e e n in b o t h reflection a n d l u m i n e s c e n c e s p e c t r o s c o p y . The
reflectivity a n d p h o t o l u m i n e s c e n c e s p e c t r a in p o l a r i z e d light ( E e C ) o v e r t h e A a n d B
exciton e n e r g y r e g i o n s for t h e two s a m p l e s d e p i c t e d o n t h e Fig . 3 . For t h e E e C
polarization u s e d in Fig . 3 b o t h A a n d B excitons h a v e allowed transitions , a n d t h e r e f o r e
reflectivity s i g n a t u r e s . Fig . 3 r e v e a l s b o t h reflectivity s i g n a t u r e s of t h e n = 2 a n d 3 states
of t h e A exciton a s well that of t h e n = 2 state of t h e B exciton .
In Table 1 8 of R e f . [ 1 0 ] t h e results of Meyer et al . s u m m a r i z e d t h e e n e r g y d i f f e r e n c e s
AE = E ( C d 3 4 S ) - E ( C d n a t S ) , of a l a r g e n u m b e r of b o u n d exciton a n d f r e e exciton
transitions , m e a s u r e d u s i n g p h o t o l u m i n e s c e n c e , a b s o r p t i o n , a n d reflectivity
s p e c t r o s c o p y , in C d S m a d e from n a t u r a l S ( C d n a t S , 9 5 % 3 2 S ) a n d from highly isotopically
e n r i c h e d 3 4 S ( C d 3 4 S , 9 9 % 3 4 S ) . As we c a n s e e from Fig . 3 , all of t h e o b s e r v e d shifts a r e
consistent with a single v a l u e , 1 0 . 8 ±0 . 2 c m ? 1 . S e v e r a l of t h e d o n o r b o u n d exciton
p h o t o l u m i n e s c e n c e transitions , which in p a p e r [ 1 6 ] c a n b e m e a s u r e d with h i g h accuracy ,
r e v e a l shifts which differ from e a c h o t h e r by m o r e t h a n t h e r e l e v a n t uncertainties ,
a l t h o u g h all a g r e e with t h e 1 0 . 8 ±0 . 2 c m ? 1 a v e r a g e shift . These small d i f f e r e n c e s in t h e
shift e n e r g i e s for d o n o r b o u n d exciton transitions may reflect a small isotopic
d e p e n d e n c e of t h e d o n o r b i n d i n g e n e r g y in C d S ( s e e , also [ 5 ] ) . This v a l u e of 1 0 . 8 ±0 . 2
c m ? 1 shift a g r e e s well with t h e v a l u e of 1 1 . 8 c m ? 1 r e p o r t e d early by Kreingol  d et al . [ 2 1 ]
for t h e B n =1 transition , particularly when o n e t a k e s into a c c o u n t t h e fact that e n r i c h e d 3 2 S
was u s e d in that earlier study , whereas Meyer et al . h a v e u s e d n a t u r a l S in p l a c e of a n
isotopically e n r i c h e d C d 3 2 S ( for details s e e [ 1 6 ] ) .
A u t h o r s [ 1 5 ] c o n c l u d e that all of t h e o b s e r v e d shifts arise predominantly from a n
isotopic d e p e n d e n c e of t h e b a n d g a p e n e r g i e s , a n d that t h e contribution from any
isotopic d e p e n d e n c e of t h e f r e e exciton b i n d i n g e n e r g i e s is m u c h smaller . On t h e basis
of t h e o b s e r v e d t e m p e r a t u r e d e p e n d e n c i e s of t h e excitonic transitions e n e r g i e s ,
t o g e t h e r with a simple two - oscillator m o d e l , Z h a n g et al . [ 1 4 ] earlier calculated s u c h a
d i f f e r e n c e , predicting a shift with t h e S isotopic m a s s of 9 5 0 We V / a m u . for t h e A exciton
a n d 7 2 4 We V / a m u . for t h e B exciton . Reflectivity a n d p h o t o l u m i n e s c e n c e study of
n a t C d 3 2 S a n d n a t C d 3 4 S p e r f o r m e d by Kreingol  d et al . [ 1 5 ] shows that for a n i o n i s o t o p e
substitution t h e g r o u n d state ( n = 1 ) e n e r g i e s of b o t h A a n d B excitons h a v e a p o s i t i v e
e n e r g y shifts with r a t e of / E / / M S = 7 4 0 We V / a m u . Results of Meyer et al . [ 1 6 ] a r e
consistent with a shift of i7 1 0 We V / a m u . for b o t h A a n d B excitons . Finally , it is
interesting to n o t e that t h e shift of t h e exciton e n e r g i e s with C d m a s s is 5 6 We V / a m u .
[ 1 4 ] , a n o r d e r of m a g n i t u d e less t h a n f o u n d for t h e S m a s s ( m o r e details s e e [ 4 , 5 ] ) .
3 . Isotope information s t o r a g e .
93 . 1 . Background .
The c o n c e p t of information is t o o b r o a d to b e c a p t u r e d completely by a single
definition ( s e e , e . g . [ 1 7 ] ) . But we all know that information may b e n o t only
c r e a t e d , e l a b o r a t e d , transmitted t h r o u g h s p a c e a n d p r e s e r v e d o r s t o r e d t h r o u g h o u t time ,
b u t also may b e e x t r a c t e d a n d u s e for c o m m u n i c a t i o n . B e f o r e i n t r o d u c e d s o m e of
definitions of information theory , it is d e s i r a b l e to r e m o v e o n e possible c a u s e of
m i s a p p r e h e n s i o n . Possible c o m b i n a t i o n s of t h e letters a , n , a n d t a r e t a n , a n t , n a t .
These words may h a v e m e a n i n g a n d significance for r e a d e r s b u t their impact o n
individuals will v a r y , d e p e n d i n g o n t h e r e a d e r  s s u b j e c t i v e r e a c t i o n . S u b j e c t i v e
information c o n v e y e d in this way is impossible to quantify in g e n e r a l . Therefore t h e
m e a n i n g of g r o u p s of symbols is e x c l u d e d from t h e theory of information ; e a c h symbol is
t r e a t e d a s a n entity in its own right a n d how any particular g r o u p i n g is i n t e r p r e t e d by a n
individual is i g n o r e d . Information theory is c o n c e r n e d with how symbols a r e a f f e c t e d by
v a r i o u s p r o c e s s e s b u t n o t with information in its most g e n e r a l s e n s e [ 1 8 ] .
A c c o r d i n g S h a n n o n [ 1 9 ] we call I 0 t h e information v a l u e in bits if state P0 × is s e e n ,
a n d I 1 t h e s a m e for t h e o c c u r r e n c e of P1 × . W e state that in t h e c a s e of p e r f e c t symmetry
( s e e Fig . 4 ) , i . e . for p 0 = p 1 = 0 . 5 we s h o u l d o b t a i n I 0 = I 1 = 1 b . A n d it is r e a s o n a b l e to
d e m a n d that for p i = 1 ( i = 0 o r 1 ) we s h o u l d g e t I i = 0 , whereas for p i í 0 , I i í K. W h a t
is between t h e s e limits ? In g e n e r a l , t h e function we a r e looking for I ( p ) , s h o u l d b e a
c o n t i n u o u s function ( s e e Fig . 4 ) , monotonically d e c r e a s i n g with p s o that I k × I i if p k Ö p i
( naturally t h e v a l u e of t h e information g a i n e d s h o u l d b e g r e a t e r for t h e less p r o b a b l e
state . In all a b o v e e x p r e s s i o n p is probability [ 2 0 ] . Namely this function fulfilling s u c h
conditions was c h o s e n by S h a n n o n [ 1 8 ] for what is usually called t h e information c o n t e n t
of a n o u t c o m e that h a s t h e probability p i to o c c u r ( s e e , also [ 1 9 - 2 1 ] ) :
I i = - Klnp i . ( 2 )
In o r d e r to o b t a i n I = 1 b for p i = 0 . 5 we must set K = 1 / l n 2 . The n e g a t i v e sign is
n e e d e d s o that I ³ 0 ( p always ²1 ) . Turning to logarithm of b a s e 2 we c a n write
I i = - log 2 p i . ( 3 ) .
The b a s e of 2 is t h e r e f o r e especially a p p o s i t e for d e a l i n g with binary digits ( bits ) a n d
c a n t h e r e f o r e b e e x p e c t e d to b e important in application to c o m p u t i n g a n d c o d i n g .
Tables of logarithms to t h e b a s e 2 a r e a v a i l a b l e b u t if they a r e n o t to h a n d calculations
c a n b e c a r r i e d o u t by o b s e r v i n g that
L o g 2 x =
log 1 0 x
log 1 0 2
= lnxln 2 = lnxlog 2 e . ( 4 )
In g e n e r a l
log a x = lnx / lna ( 5 )
a n d , since t h e restriction a × 1 h a s b e e n i m p o s e d a b o v e , lna × 0 s o that t h e
logarithms which arise always b e p o s i t i v e multiplies of t h e n a t u r a l logarithm . This fact will
b e u s e d frequently in s u b s e q u e n t c o n s i d e r a t i o n .
The most important a n d useful quantity i n t r o d u c e d by S h a n n o n [ 1 9 ] is r e l a t e d to t h e
1 0
n e x t q u e s t i o n : G i v e n t h e probability v a l u e s for e a c h a l t e r n a t i v e , c a n we find a n
e x p r e s s i o n for t h e a m o u n t of information we e x p e c t to g a i n o n t h e a v e r a g e b e f o r e we
actually d e t e r m i n e t h e o u t c o m e ? A completely e q u i v a l e n t q u e s t i o n is : How m u c h prior
uncertainty d o we h a v e a b o u t o u t c o m e ? It is r e a s o n a b l e to c h o o s e t h e weighted
a v e r a g e of I 0 a n d I 1 for t h e mathematical definition of t h e a priori a v e r a g e information
g a i n o r uncertainty m e a s u r e H :
H = p 0 I 0 + p 1 I 1 = - p 0 log 2 p 0 p 1 log 2 p 1 ( 6 )
in which a s usually p 0 + p 1 = 1 ( for details s e e [ 1 9 ] ) . Since H is a q u a n t i t a t i v e
m e a s u r e of t h e uncertainty of t h e state of a system , S h a n n o n called it t h e entropy of t h e
s o u r c e of information . Since p i may b e z e r o , s o m e term in H c o u l d b e u n d e t e r m i n e d in
this definition s o , when p i = 0 , t h e v a l u e z e r o is a s s i g n e d to t h e c o r r e s p o n d i n g term in
( 6 ) . L e t u s set , for o u r c a s e p = p 0 ; t h e n p 1 = 1 - p a n d :
H = - p l o g 2 p - ( 1 - p ) log 2 ( 1 - p ) . ( 6 a )
Fig . 4 shows a plot of H a s a function of p ( solid line ) . It r e a c h e s t h e maximum v a l u e
of 1 b ( maximum a v e r a g e information g a i n in o n e o p e r a t i o n o r in o n e toss of a coin ) if
b o t h probability v a l u e s a r t h e s a m e ( p = 1 / 2 ) . If p = 1 o r 0 , we a ready know t h e result
b e f o r e we m e a s u r e , a n d t h e e x p e c t e d g a i n of information will b e z e r o - t h e r e is n o a
priori uncertainty . A m e a s u r e of t h e a v e r a g e information a v a i l a b l e b e f o r e we actually
d e t e r m i n e t h e result would b e 1 - H ; p = 1 o r 0 i n d e e d g i v e s 1 b of " prior knowledge " , a n d
p = 1 / 2 r e p r e s e n t s z e r o prior information ( b r o k e n line in Fg . 4 ) , that is , maximum
uncertainty .
W e c a n g e n e r a l i z e t h e definition ( 2 - 6 ) for any n u m b e r N of possible final states ,
which will t h e n r e a d :
H = - >
i = 0
N - 1
p i log 2 p i with >
i
p i = 1 ( 7 )
The function H h a s a n a b s o l u t e maximum when all p i a r e e q u a l , i . e . when t h e r e is n o
a priori bias a b o u t t h e possible o u t c o m e . In that c a s e , by definition of t h e probability p i , it
is easy to verify that ( p 1 = p 2 = . . . . . . . . . = p N = 1 / N )
H = log 2 N . ( 8 )
W h e n all t h e e v e n t s a r e equally probably , t h e most uncertainty p r e v a i l s a s to which
e v e n t will o c c u r . It t h e r e f o r e satisfactory that t h e entropy s h o u l d b e a maximum in s u c h
situation . The Fact that H ( S ) is a maximum when t h e e v e n t s a r e equally u n c e r t a i n b u t
z e r o when t h e r e is certainty p r o v i d e s s o m e justification for c o n s i d e r i n g entropy a s a
m e a s u r e of uncertainty . To finalize this p a r t we s h o u l d indicate , a s c a n s e e from Fig . 4 ,
always fulfilled t h e relation between information a n d entropy :
I + H ( S ) = 1 . ( 9 )
3 . 2 . Isotope information s t o r a g e .
The c u r r e n t r a p i d p r o g r e s s in t h e technology of h i g h - density optical s t o r a g e m a k e s
t h e m e r e a n n o u n c i n g of any o t h e r thinkable a l t e r n a t i v e s a r a t h e r u n t h a n k f u l task . A n
o b v i o u s query " who n e e d s it a n d what for ? " h a s , n e v e r t h e l e s s , s e r v e d v e r y little p u r p o s e
in t h e p a s t a n d s h o u l d n o t b e u s e d to v e t o t h e discussion of n o n - o r t h o d o x technological
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possibilities . O n e s u c h possibility , namely t h e technology of isotopic information s t o r a g e
( IIS ) is d i s c u s s e d in this p a r a g r a p h .
Isotopic information s t o r a g e may consist in a s s i g n i n g t h e information  z e r o  o r  o n e  to
m o n o - isotopic microislands ( o r e v e n to a single a t o m s ) within a bulk crystalline ( o r thin
film ) s t r u c t u r e . This t e c h n i q u e c o u l d l e a d to a v e r y h i g h density of ROM - type ( r e a d - only
memory o r p e r m a n e n t s t o r a g e ) information s t o r a g e , probably u p to 1 0 2 0 bits p e r c m 3 .
The details a r e d i s c u s s e d by B e r e z i n et al . 2 3 , 2 4 : h e r e it n o t e s only that t h e u s e of tri
- isotopic systems ( e . g . 2 8 Si ; 2 9 Si ; 3 0 Si ) r a t h e r t h a n di - isotopic ( e . g . 1 2 C ; 1 3 C ) c o u l d
naturally l e a d to direct t h r e e dimensional color imaging without t h e n e e d for complicated
redigitizing ( it is known that any visible color c a n b e simulated by a properly weighted
c o m b i n a t i o n of t h r e e prime colors , b u t n o t of two ) .
I n d e e d , let u s a s s u m e that t h e characteristic size of o n e information - b e a r i n g isotopic
unit ( s e v e r a l a t o m s ) is 1 0 0  . Then 1 c m 3 of crystalline s t r u c t u r e , e . g . d i a m o n d , is a b l e
to s t o r e roughly ( 1 0 8 ) 3 / 1 0 0 3 = 1 0 1 8 bits of information [ 2 3 , 2 4 ] . This capacity greatly
e x c e e d s that n e e d to s t o r e t h e information c o n t e n t of all literature e v e r p u b l i s h e d ( r 1 0 1 7
bits ) , including all n e w s p a p e r s .
The main potential a d v a n t a g e of i s o t o p e - mixed crystals lies in t h e fact that t h e
information is i n c o r p o r a t e d in t h e chemically h o m o g e n e o u s matrix . There a r e n o
chemically different impurities ( like in optical s t o r a g e with color c e n t r e s ) o r g r a i n
b o u n d a r i e s between islands of different m a g n e t i z a t i o n ( like in c o m m o n m a g n e t i c
s t o r a g e ) . The information in i s o t o p e - mixed crystals exists a s a p a r t of t h e r e g u l a r crystals
lattice . Therefore , t h e s t o r e d information in i s o t o p e - mixed crystals is p r o t e c t e d by t h e
rigidity of t h e crystal itself . There a r e n o  weak points  in t h e s t r u c t u r e ( impurities , d o m a i n
wells , lattice strain etc . ) which c a n l e a d to t h e information loss d u e to b o n d strains ,
e n h a n c e d diffusion , r e m a g n e t i z a t i o n , etc . D i f f e r e n c e s in t h e b o n d l e n g t h s between
different i s o t o p e s ( e . g . 2 8 Si - 2 9 Si o r 2 9 Si - 3 0 Si ; H - D a n d s o o n ) a r e d u e to t h e
anharmonicity of z e r o - point v i b r a t i o n s ( s e e , e . g . [ 6 ] ) . This is n o t e n o u g h for t h e
d e v e l o p m e n t of any n o t i c e a b l e lattice strains a l t h o u g h t h e s e d i f f e r e n c e s a r e sufficiently
l a r g e to b e distinguishably d e t e c t e d in IIS - r e a d i n g ) .
Today t h e r e a r e f o u r W O R M ( write - o n c e , r e a d - many ) o p t i o n s a v a i l a b l e to u s e r s .
Three of t h e s e o p t i o n s , p h a s e c h a n g e , a b l a t i v e a n d dye polymer , recently r e c e i v e d
certification that they m e e t ISO ( Inrenational S t a n d a r d s Organization ) 9 1 7 1 specification
for t r u e W O R M m e d i a ( s e e , e . g . [ 2 5 , 2 6 ] ) . The f o u r t h W O R M , C D - r e c o r d a b a l e , is a
v i a b l e a l t e r n a t i v e if u s e r s h a v e a clear u n d e r s t a n d i n g of their r e q u i r e m e n t s a n d t h e
technology  s limitations .
For u n s u r p a s s e d security , longevity a n d reliability , p e o p l e a r e c o m i n g to realize that
write - o n c e m e d i a is t h e ideal solution when they must retain a n d p r o t e c t d o c u m e n t s ,
d a t a o r i m a g e s from alteration o r loss . To t h e e n d u s e r , t h e d a t a s t o r e o n write - o n c e
optical m e d i a a p p e a r s a s t h o u g h it was s t o r e d o n a h a r d disc . W h e n a file is recalled , it
c a n b e u p d a t e d a n d e d i t e d by writing to a new s e c t o r s o n t h e disc . W h e n file is d e l e t e d ,
it n o l o n g e r a p p e a r s in t h e directory .
The d i f f e r e n c e between ISO 9 1 7 1 write - o n c e optical solutions a n d s t a n d a r d h a r d disc
s t o r a g e m e t h o d s is that write - o n c e m e d i a is s a f e from accidental e r a s u r e s , malicious
altering , c o m p u t e r v i r u s , stray m a g n e t i c fields a n d o t h e r factors that c a n j e o p a r d i z e t h e
integrity of t h e d a t a . Somewhere o n t h e disc , normally t r a n s p a r e n t to t h e u s e r , e v e r y
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v e r s i o n of e v e r y file is permanently s t o r e d , including files that h a v e b e e n " d e l e t e d " .
B e c a u s e of t h e security they p r o v i d e , b a n k s , i n s u r a n c e c o m p a n i e s , h e a l t h c a r e
institutions , a c c o u n t i n g d e p a r t m e n t s a n d g o v e r n m e n t a g e n c i e s a r e u s i n g t r u e W O R M
m e d i a . W i t h t h e a p p r o v a l of ISO 9 1 7 1 , a n u m b e r of c o u n t r i e s in E u r o p e h a v e specified
that g o v e r n m e n t a g e n c i e s must u s e t h e m e d i a in o r d e r to h a v e their a r c h i v e d
information t r u e c o p i e s . These s a m e a g e n c i e s a r e specifying that they will only a c c e p t
d o c u m e n t s a n d d a t a o n ISO - compliant W O R M m e d i a .
The a b l a t i v e W O R M m e d i a also p r o v i d e d a t a integrity a n d security , since d a t a c a n
b e written o n c e a n d c a n n o t b e overwritten o r modified . W h e n t h e c o m p u t e r a c c e s s e s
modified o r a n n o t a t e d information , it automatically a c c e s s e s t h e most c u r r e n t file .
As is well - known , c o n v e n t i o n a l c o m p a c t disc ( C D ) r e p r o d u c e s by extracting signal
information from t h e disc u s i n g a laser b e a m with n o physical c o n t a c t between C D itself
a n d t h e signal p i c k u p m e c h a n i s m [ 2 6 , 2 7 ] . The laser b e a m u s e d to extract t h e
information is g e n e r a t e d by a small , low - power , s e m i c o n d u c t o r d i o d e , m a d e of
aluminium gallium a r s e n i d e ( AlGaAs ) , which emits a n invisible i n f r a r e d ( IR ) light . The
laser b e a m is f o c u s e d o n t o t h e C D by t h e o b j e c t i v e lens , which acts like t h e lens of a
m i c r o s c o p e a n d f o c u s e s t h e b e a m o n t o a s p o t slightly less t h a n 1 Wm in d i a m e t e r . The
s p o t is t h e n u s e d to r e t r i e v e t h e information c o n t a i n e d o n t h e C D .
As shown in Fig . 5 , t h e C D consists of a reflective e v a p o r a t e d aluminium layer
c o v e r e d by a t r a n s p a r e n t , p r o t e c t i v e plastic c o a t i n g . As shown , t h e C D is c o m p o s e d of
t h o u s a n d s of circular " tracks " m a d e in a c o n t i n u o u s spiral from inside to t h e o u t s i d e of
t h e C D . C D tracks consist of tiny pits , o r i n d e n t a t i o n s , in t h e disc material . The width of
t h e pits is 0 . 4 to 0 . 5 Wm , a n d they a r e 0 . 1 Wm d e e p . The d i s t a n c e between t h e spiral
tracks is h e l d c o n s t a n t at 1 . 6 Wm , which is called t h e track pitch . The c o m b i n a t i o n of pits
a n d flats ( a r e a between t h e pits ) is u s e d to r e p r o d u c e t h e r e c o r d e d information . As we
c a n s e e , t h e pits a n d flats r e p r e s e n t i n g t h e digital information a r e l o c a t e d 1 . 1 m m from
t h e t r a n s p a r e n t s u r f a c e . The light b e a m p a s s e s t h r o u g h t h e b a s e material to r e t r i e v e t h e
information . The light reflected by t h e pit is n o t a s bright a s t h e light reflected by t h e flat
a r e a . The C D rotation , c o m b i n e d with t h e pits a n d flats p a s s i n g o v e r t h e light b e a m ,
c r e a t e a series of o n a n d off flashes of light that a r e reflected b a c k into t h e system , t h u s
m o d u l a t i n g t h e light b e a m . As shown in Fig . 5 c , t h e l e n g t h of t h e pits a n d flats
d e t e r m i n e s t h e information c o n t a i n e d o n t h e track . The pits a n d flats c a n v a r y in l e n g t h
from a b o u t 1 to 3 Wm . The a n a l o g waveform shown in Fig . 5 , t h e pits a n d flats r e p r e s e n t s
t h e d e c o d e d signal after digital - to - a n a l o g ( D / A ) c o n v e r s i o n . Taking into a c c o u n t t h e
d i f f e r e n c e between t h e v a l u e s of t h e coefficient of t h e reflection in t h e exciton b a n d
maximum ( o n e i s o t o p e , for e x a m p l e , LiH ) a n d in t h e t r a n s p a r e n c y r e g i o n of a n o t h e r
i s o t o p e ( for e x a m p l e , LiD ) o r t h e d i f f e r e n c e in t h e e n e r g y of ig L O t h e s e i s o t o p e , t h e s e
materials c o u l d quite u s e in t h e p r o d u c t i o n of m o d e r n C D , which is easy modified by
n e u t r o n irradiation ( s e e e . g . [ 1 ] a n d r e f e r e n c e s t h e r e i n ) .
4 . Quantum dots in isotope - m i x e d c r y s t a l s .
In this p a r a g r a p h we p r e s e n t a brief description of t h e p r o g r e s s in t h e study of
q u a n t u m d o t s in i s o t o p e - mixed crystals [ 1 0 ] . Many p r o p o s a l s h a v e b e e n m a d e to u s e
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q u a n t u m d o t ( QD ) a n d v a r i o u s e l e c t r o n a n d n u c l e a r d e g r e e s of f r e e d o m to p r o c e s s
q u a n t u m information . Crudely t h e s e p r o p o s a l s c a n classified a s c h a r g e - b a s e d a n d spin
- b a s e d ( b o t h e l e c t r o n ( s e e a b o v e p a r t of review ) a n d n u c l e a r spin ) . As is well - known ,
in a solid t h e e l e c t r o n spins a r e n o t completely d e c o u p l e d from o t h e r d e g r e e s of
f r e e d o m . First of all , spins a n d orbits a r e c o u p l e d by t h e spin - orbit interaction . S e c o n d ,
t h e e l e c t r o n spins h a v e a n interaction with t h e spins of atomic nuclei , i . e . hyperfine
interaction . B o t h intersections c a u s e t h e life time of a q u a n t u m s u p e r p o s i t i o n of spin
states to b e finite .
The m o d e r n technological d r i v e to m a k e electronic d e v i c e s continuously smaller h a s
s o m e interesting scientific c o n s e q u e n c e s [ 2 8 ] . For i n s t a n c e , it is now routinely possible
to m a k e small e l e c t r o n  b o x e s  in solid state d e v i c e s that c o n t a i n a n i n t e g e r n u m b e r of
c o n d u c t i o n e l e c t r o n s . S u c h d e v i c e s a r e usually o p e r a t e d a s transistors ( v i a field - effect
g a t e s ) a n d a r e t h e r e f o r e n a m e d single e l e c t r o n transistors . In s e m i c o n d u c t o r b o x e s t h e
n u m b e r of t r a p p e d e l e c t r o n s c a n b e r e d u c e d all t h e way to z e r o , o r o n e , two , etc . S u c h
s e m i c o n d u c t o r single e l e c t r o n transistors a r e called QD [ 2 9 ] . Electrons a r e t r a p p e d in a
QD by repelling electric fields i m p o s e d from all sides . The final r e g i o n in which a small
n u m b e r of e l e c t r o n s c a n still exist is typically at t h e scale of t e n s of n a n o m e t e r s . The
e i g e n e n e r g i e s in s u c h b o x e s a r e discrete . Filling t h e s e states with e l e c t r o n s follows t h e
rules from atomic physics , including H u n d  s rule , shell filling , etc . It is worth e m p h a s i z i n g ,
that q u a n t u m d o t s allows t h e u n i q u e control o v e r a single t r a p with a p r e c i s e n u m b e r of
e l e c t r o n s in a well - d e f i n e d q u a n t u m state .
A c c o r d i n g p r e s e n t knowledge [ 2 9 ] , a QD is simple a small b o x that c a n b e filled with
e l e c t r o n s ( h o l e s DÞ ) . The b o x c a n b e c o u p l e d v i a t u n n e l b a r r i e r s to r e s e r v o i r s , with which
e l e c t r o n s c a n b e e x c h a n g e d ( s e e , Fig . 6 ) . By a t t a c h i n g c u r r e n t a n d v o l t a g e p r o b e s to
t h e s e r e s e r v o i r s , we c a n m e a s u r e t h e electronic p r o p e r t i e s . The d o t is also c o u p l e d
capacitively to o n e o r m o r e  g a t e  e l e c t r o d e s , which c a n b e u s e d to t u n e t h e electrostatic
potential of t h e d o t with r e s p e c t to t h e r e s e r v o i r s . The d o t size , typically between 1 0 n m
a n d 1 0 Wm [ 6 ] is o n t h e o r d e r of t h e Fermi w a v e l e n g t h in t h e h o s t material . The
c o n f i n e m e n t of t h e QD is usually a c h i e v e d by electrical g a t e ( s e e , Fig . 6 ) of two -
dimensional e l e c t r o n g a s ( 2 D E G ) , possibly c o m b i n e d with e t c h i n g t e c h n i q u e s .
           
DÞ Many recently , p r o p o s a l s h a v e b e e n p u t forward to u s e q u a n t u m - d o t - c o n f i n e d
h e a v y h o l e s for q u a n t u m information s t o r a g e d e v i c e s r a t h e r t h a n e l e c t r o n s , since h o l e
spins a r e b e l i e v e d to interact less strongly with t h e s u r r o u n d i n g nuclei . It h a s b e e n
shown theoretically a n d experimentally that h o l e spins interact v e r y differently with their
n u c l e a r e n v i r o n m e n t t h a n e l e c t r o n s . W h i l e t h e time scales T 1 for relaxation may b e
c o m p a r a b l e for e l e c t r o n s a n d h o l e s , typical h o l e - spin c o h e r e n c e times T 2 s e e m to b e
significantly l o n g e r t h a n for e l e c t r o n s ( for details s e e [ 3 0 - 3 1 ) . H e r e , spin c o h e r e n c e is
( o r spin - lattice ) relaxation time T 1 a n d a spin - spin relaxation time T 2 . N u m e r o u s
e x p e r i m e n t s was shown that in QD o n t h e b a s e of GaAs h e t e r o - s t r u c t u r e s T 2 p ( 1 ÷
1 0 3 ) 61 0 ? 6 c ( s e e , e . g . [ 3 2 ] ) . Small d o t s h a v e c h a r g i n g ( orbital [ 3 3 ] ) e n e r g i e s in t h e m e V
r a n g e , resulting in q u a n t i z a t i o n of c h a r g e o n t h e d o t ( C o u l o m b b l o c k a d e [ 3 2 ] ) . This
allows p r e c i s e control of t h e m e m b e r of e l e c t r o n s a n d of t h e spin g r o u n d state o n t h e
d o t . S u c h control of t h e n u m b e r of e l e c t r o n s in t h e c o n d u c t i o n b a n d of a QD h a s b e e n
a c h i e v e d with GaAs h e t e r o - s t r u c t u r e , e . g . for lateral a n d vertical d o t s ( s e e [ 2 9 , 3 0 ] ) . QD
h a v e v a r i o u s p a r a m e t e r s . These include geometry , e n e r g y s p e c t r u m , c o u p l i n g between
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d o t s , etc . , which o p e n u p many possibilities by p r o v i d i n g a v e r s a t i l e system for
manipulation of electronic states , in particular t h e spin state . F u r t h e r , t h e electronic d o t -
orbitals a r e highly s e n s i t i v e to e x t e r n a l m a g n e t i c a n d electric fields [ 3 0 ] , since t h e
m a g n e t i c l e n g t h c o r r e s p o n d i n g to fields of B u 1 T is c o m p a r a b l e to typical d o t sizes .
             
The c h o i c e of QD l e a d s to v e r y readily satisfying a few of t h e criteria for realizing
q u a n t u m c o m p u t a t i o n ( s e e e . g . R e f [ 3 0 ] ) :
1 ) H i g h e r lying single particle states of t h e d o t s c a n b e i g n o r e d ; this r e q u i r e s AE ¹
kT , where AE is t h e l e v e l s p a c i n g ( Z e e m a n splitting ) a n d T is t h e t e m p e r a t u r e .
2 ) The time scale b s for pulsing t h e g a t e potential low s h o u l d b e l o n g e r t h a n ¤/ AE in
o r d e r to p r e v e n t transitions to h i g h e r orbit l e v e l .
3 ) The d e c o h e r e n c e time @? 1 s h o u l d b e m u c h l o n g e r t h a n t h e switching time b s ( s e e
also below Table 1 )
It c a n e x p e c t that t h e spin - 1 / 2 d e g r e e s of f r e e d o m in QD s h o u l d generically h a v e
l o n g e r d e c o h e r e n c e time t h a n c h a r g e d e g r e e s of f r e e d o m since they a r e i n t e n s i v e to
any e n v i r o n m e n t a l fluctuations of t h e electric potential .
There a r e two p r o c e s s e s that l e a d to a limited life - time of information s t o r e d in spin
qubits . On t h e o n e h a n d t h e r e is relaxation , i . e . t h e transition from t h e excited state P·×
into t h e g r o u n d state P¹× , which h a p p e n s o n a characteristic time scale T 1 . On t h e o t h e r
h a n d , spin state s u p e r p o s i t i o n s decay o n a time scale T 2 , a n d t h e a c c o r d a n t p r o c e s s is
r e f e r r e d to a s d e c o h e r e n c e . A l t h o u g h relaxation inevitably also l e a d s to d e c o h e r e n c e ,
t h e s e two p r o c e s s e s a r e n o t e q u i v a l e n t . D e c o h e r e n c e c a n also o c c u r without c h a n g i n g
t h e p o p u l a t i o n of t h e spin states , a p h e n o m e n a which is known a s p u r e d e p h a s i n g . W e
s h o u l d r e m i n d that t h e main physical m e c h a n i s m that l e a d to relaxation a n d
d e c o h e r e n c e of e l e c t r o n spin states in q u a n t u m d o t s a r e spin - orbit interactions a n d
n u c l e a r - spin interactions . The first c o u p l e s t h e e l e c t r o n spin to its orbital m o m e n t u m
v i a t h e electric field c r e a t e d by t h e nuclei . The s e c o n d c o u p l e s t h e e l e c t r o n spin ( a n d
a n g u l a r m o m e n t u m ) to a fluctuating m a g n e t i c field c r e a t e d by t h e n u c l e a r spin .
Schematic view of two c o u p l e d QD l a b e l e d S 1 a n d S 2 e a c h c o n t a i n i n g o n e e x c e s s
e l e c t r o n with spin 1 / 2 p r e s e n t s o n t h e Fig . 8 4 in R e f . [ 1 0 ] . The t u n n e l b a r r i e r between t h e
d o t s c a n b e r a i s e d o r lowered by setting a g a t e v o l t a g e ( s e e , also Fig . 6 ) . P r o p o s e d
e x p e r i m e n t a l s e t u p for initial test of swap - g a t e o p e r a t i o n in a n array of many
n o n i n t e r a c t i n g QD pairs is illustrated by Fig . 8 5 in [ 1 0 ] , where in c a p t i o n is d e s c r i b e d
single - a n d two - qubit o p e r a t i o n s . C o n c l u d i n g this p a r t , we s h o u l d m e n t i o n e d also t h e
QD easily p r e p a r e d by u s i n g n e u t r o n irradiation of crystals with different e n e r g y of
n e u t r o n s [ 3 4 ] , o b t a i n i n g t h u s different i s o t o p e s ( i s o t o p e - mixed crystals ) .
In t h e n e u t r a l g r o u n d state of a n u n d o p e d a n d u n e x c i t e d QD in i s o t o p e - mixed
crystals , all t h e single - particle v a l e n c e states a r e filled with e l e c t r o n s , while all t h e
c o n d u c t i o n states a r e empty ( s e e , below Fig . 1 0 ) . W h e n light excites a n e l e c t r o n a c r o s s
t h e b a n d g a p E g , t h e e l e c t r o n l e a v e s b e h i n d a h o l e . The lowest - e n e r g y orbital state of
a n exciton c o m p r i s e s f o u r s u b s t a t e s that c o r r e s p o n d to t h e f o u r doubly d e g e n e r a t e
e l e c t r o n a n d h o l e state ( h e r e we f o c u s for clarity o n t h e disk like QDs typical of i s o t o p e -
mixed crystals . Details differ for o t h e r QD types ( s e e , e . g . [ 2 9 a , b ] ) . Two of t h e f o u r
s u b s t a t e s c a n b e optically excited , whereas t h e o t h e r two ( usually t e r m e d d a r k states )
a r e normally f o r b i d d e n by q u a n t u m selection rules [ 3 5 ] . R a t h e r o f t e n , t h e two d a r k states
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c a n b e i g n o r e d In e x p e r i m e n t s it h a s u s e d optical p u l s e s to c r e a t e q u a n t u m b e a t i n g
between t h e two bright s u b s t a t e s a n d t h e QD g r o u n d state . The d a r k states d o n o t
participate in t h e b e a t i n g . The s u b s t a t e s  spectral lines h a v e fine s t r u c t u r e splitting
c a u s e d by spin interaction , s u c h a s t h e e x c h a n g e C o u l o m b interaction , hyperfine
interactions with t h e underlying n u c l e a r spin , a n d t h e Z e e m a n interaction ( with a n
a p p l i e d m a g n e t i c field ) . T h o u g h small , t h e s e spin interaction c a n b e r e s o l v e d in t h e
p h o t o l u m i n e s c e n c e s p e c t r u m of a single d o t ( s e e , e . g . [ 2 9 c ] ) . W i t h sufficient power , a
laser t u n e d a b o v e t h e b a n d g a p E g c a n c r e a t e a s e c o n d exciton within t h e s a m e QD . As
we know this two - exciton state is called a biexciton . Its lowest - e n e r g y is a singlet in
which b o t h e l e c t r o n s a n d b o t h h o l e s occupy t h e lowest - e n e r g y orbital state . B e c a u s e
of C o u l o m b interaction between t h e two excitons , it t a k e s a little loss e n e r g y to c r e a t e
t h e s e c o n d exciton t h e to c r e a t e t h e first . C o n s e q u e n t l y , if t h e QD is in biexciton state , it
c a n emit two p h o t o s of different f r e q u e n c y . The first p h o t o n originates in t h e transition
from t h e biexciton to t h e exciton state ; t h e s e c o n d , m o r e e n e r g e t i c p h o t o n originates
from t h e transition from t h e exciton to t h e n e u t r a l g r o u n d state , [ 2 9 d ] .
5 . Introduction in quantum information and quantum computation .
This p a r t of o u r review is n o t i n t e n d e d to c o v e r all d e v e l o p m e n t s in t h e q u a n t u m
information theory a n d q u a n t u m c o m p u t a t i o n . Our aim is r a t h e r to p r o v i d e t h e n e c e s s a r y
insights for a n u n d e r s t a n d i n g of t h e field s o that v a r i o u s n o n - e x p e r t s c a n j u d g e its
f u n d a m e n t a l a n d practical i m p o r t a n c e . Q u a n t u m information theory a n d q u a n t u m
c o m p u t a t i o n a r e a n extremely exciting a n d rapidly growing field of i n v e s t i g a t i o n . B e f o r e
we discuss s o m e f u n d a m e n t a l c o n c e p t s of q u a n t u m information we s h o u l d r e m i n d s o m e
of t h e basic q u a n t u m physics for t h e benefits of r e a d e r s less familiar with subject .
Classical information theory h a s b e e n a r o u n d for e v e r s e v e n years a n d t h e r e a r e
h u n d r e d s of well - t e s t e d t e x t b o o k s n o t only for physics a n d mathematics s t u d e n t s b u t
also for biologists , e n g i n e e r s a n d chemics ( s e e , e . g . [ 1 7 - 2 0 ] a n d r e f e r e n c e s t h e r e i n ) . In
c o n t r a s t , q u a n t u m information ( QI ) theory is in its infancy a n d it i n v o l v e s physics
c o n c e p t s ( for m o r e details s e e below ) that a r e n o t familiar to e v e r y b o d y . The most
f u n d a m e n t a l d i f f e r e n c e between a classical a n d a q u a n t u m system is that t h e latter
c a n n o t b e o b s e r v e d ( m e a s u r e d ) without b e i n g p e r t u r b e d in a f u n d a m e n t a l way [ 2 2 ] .
E x p r e s s e d in m o r e p r e c i s e terms , t h e r e is n o p r o c e s s that c a n r e v e a l any information
a b o u t t h e state of a q u a n t u m system without disturbing it irrevocably . Thus q u a n t u m
systems c a n n o t b e left u n d i s t u r b e d by m e a s u r e m e n t , n o matter how ideal t h e
instruments a r e : t h e r e a r e intrinsic limitations to t h e accuracy with which t h e v a l u e s of
certain m a g n i t u d e s o r o b s e r v a b l e s [ 3 5 ] a s they called in q u a n t u m m e c h a n i c s , c a n b e
d e t e r m i n e d in m e a s u r e m e n t s .
The intrinsic limitation to o u r potential knowledge of a q u a n t u m system is most
concisely e x p r e s s e d in t h e form of t h e H e i s e n b e r g uncertainty principle . For a single
particle t r a v e l i n g a l o n g t h e x - axis with m o m e n t u m p x , this principle states [ 3 5 ] that
Ax Ap x ³ ¤/ 2 ( 1 0 )
where Ax a n d Ap x a r e t h e s t a n d a r d d e v i a t i o n s of m e a s u r e d v a l u e s of position a n d
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m o m e n t u m , respectively , o b t a i n e d for a g i v e n type of particle in a series of e x p e r i m e n t s
u n d e r strictly identical c i r c u m s t a n c e s of p r e p a r a t i o n ( e x p e r i m e n t a l s e t u p a n d initial
conditions ) a n d m e a s u r e m e n t ( instrumentation a n d timing ) . A c c o r d i n g to t h e m e a n i n g of
s t a n d a r d d e v i a t i o n , Ax a n d Ap x r e p r e s e n t t h e a p p r o x i m a t e r a n g e s within which t h e
v a l u e s of t h e position a n d m o m e n t u m c a n b e e x p e c t e d to b e f o u n d with r e a s o n a b l e
probability ( 6 8 % for a G a u s s i a n distribution [ 1 7 ] ) if m e a s u r e d u n d e r t h e specified
conditions .
There a r e many different kinds of e x p e r i m e n t s show a f u n d a m e n t a l property of all
q u a n t u m systems , v a l i d a s l o n g a s t h e system is left u n d i s t u r b e d ( f r e e from i r r e v e r s i b l e
interactions with t h e o u t s i d e m a c r o s c o p i c world [ 3 6 , 3 7 ] ) , namely , t h e possibility of b e i n g
in a single state m a d e u p of t h e s u p e r p o s i t i o n [ 3 8 ] of two o r m o r e basis states . By
s u p e r p o s i t i o n we d o n o t m e a n that t h e system is sometimes in o n e , a n d sometimes in
a n o t h e r state : it is simultaneously in two o r m o r e c o m p o n e n t states . W e s h o u l d
u n d e r l i n e that t h e r e is n o classical e q u i v a l e n t to this situation . The principle of
s u p e r p o s i t i o n tell u s that a g e n e r a l state of t h e p h o t o n between vertical a n d horizontal
polarization would b e
P H× = c v P ® v × + c h P ® h × , ( 1 1 )
where c v a n d c h a r e two c o m p l e x n u m b e r s [ 3 5 ] .
In t h e q u a n t u m formalism t h e v a l u e s c v c vD = Pc v P 2 a n d c h c hD = Pc h P 2 ( t h e star
indicating c o m p l e x c o n j u g a t e ) a r e t h e probabilities of finding t h e system respectively in
t h e state P ® v × o r P ® h × after m e a s u r e m e n t was m a d e to find o u t which polarization
was t a k e n :
p v = Pc v P 2 a n d p h = Pc h P 2 . ( 1 2 )
Since their s u m must e q u a l s o n e , we r e q u i r e t h e normalization condition [ 3 5 ]
Pc v P 2 + Pc h P 2 = 1 ( 1 3 )
W i t h this normalization , relation ( 1 3 ) c a n also b e written in p o l a r form P H× =
c o s J P ® v × + e i j sin J P ® h × in which c o s 2 J = p v a n d sin 2 J = p h . The e x p r e s s i o n b r i n g s
o u t explicitly t h e p h a s e d i f f e r e n c e j. W e will c o m e b a c k to this form later .
5 . 1 . Information is physical .
As is well - known , information is n o t a d i s e m b o d i e d a b s t r a c t entity : it always tied to
physical r e p r e s e n t a t i o n ( s e e , e . g . [ 3 9 ] ) . It is r e p r e s e n t e d by e n g r a v i n g o n a s t o n e tablet ,
a spin , a c h a r g e , a h o l e in a p u n c h e d c a r d , a m a r k o n t h e s h e e t of p a p e r , o r s o m e o t h e r
e q u i v a l e n t DÞ . This ties t h e h a n d l i n g of information to all t h e possibilities a n d restrictions of
o u r real physical world , its laws of physics a n d its s t o r e h o u s e of a v a i l a b l e p a r t s . This
view was implicit in Szilard  s discussion [ 4 2 ] of Maxwell d e m o n ( s e e , also [ 4 3 - 4 4 ] a n d
r e f e r e n c e s t h e r e i n ) . t h e laws of physics a r e essentially algorithms for calculation ( s e e ,
also [ 3 6 , 4 5 - 4 7 ] ) .
            
DÞ As is well - known [ 2 2 ] , in 1 9 6 1 , L a n d a u e r h a d t h e important insight that t h e r e is a
f u n d a m e n t a l asymmetry in t h e N a t u r e allows u s to p r o c e s s information . Copying
classical information c a n b e d o n e reversibly a n d without wasting any e n e r g y , b u t when
1 7
information is e r a s e d t h e r e is always a n e n e r g y cost of k T l n 2 p e r classical bit to b e p a i d
( for m o r e details s e e , also [ 4 0 ] ) . F u r t h e r m o r e a n a m o u n t of h e a t e q u a l to k T l n 2 is
d a m p e d in t h e e n v i r o n m e n t at t h e e n d of e r a s i n g p r o c e s s . L a n d a u e r  s c o n j e c t u r e d that
this e n e r g y / entropy cost c a n n o t b e r e d u c e d below this limit i r r e s p e c t i v e of how t h e
information is e n c o d e d a n d s u b s e q u e n t l y e r a s e d - it is a f u n d a m e n t a l limit . L a n d a u e r  s
d i s c o v e r y is important b o t h theoretically a n d practically a s o n t h e o n e h a n d it relates t h e
c o n c e p t of information to physical quantities like thermodynamical entropy a n d f r e e
e n e r g y a n d o n t h e o t h e r h a n d it may f o r c e t h e f u t u r e d e s i g n e r s of q u a n t u m d e v i c e s to
t a k e into a c c o u n t t h e h e a t p r o d u c t i o n c a u s e d by t h e e r a s u r e of information a l t h o u g h this
effect is tiny a n d negligible in today  s technology . At t h e s a m e time , L a n d a u e r p r o f o u n d
insight h a s led to t h e resolution of t h e p r o b l e m of Maxwell  s d e m o n by B e n n e t t [ 4 1 ] .
           
Thus , information is s o m e t h i n g that c a n b e e n c o d e d in t h e state of a physical system ,
a n d c o m p u t a t i o n ( s e e also below ) is a task that c a n b e p e r f o r m e d with a physically
realizable d e v i c e . Therefore , since t h e physical world is fundamentally q u a n t u m
m e c h a n i c a l , t h e f o u n d a t i o n of information theory a n d c o m p u t a t i o n s c i e n c e s h o u l d b e
s o u g h t in q u a n t u m physics . In fact , q u a n t u m information h a s weird p r o p e r t i e s that
c o n t r a s t sharply with t h e familiar p r o p e r t i e s of classical information . B e that a s it may ,
information until r e c e n t h a s largely b e e n t h o u g h t of in classical terms , with q u a n t u m
m e c h a n i c s playing a s u p p o r t i n g role in t h e d e s i g n of t h e e q u i p m e n t to p r o c e s s it , a n d
setting limits o n t h e r a t e at which it c o u l d b e s e n t t h r o u g h certain c h a n n e l s . Now we
know that a fully q u a n t u m theory of information a n d information p r o c e s s i n g offers ( for
details s e e [ 4 5 ] ) , a m o n g o t h e r benefits , a b r a n d of cryptography whose security rests o n
f u n d a m e n t a l physics , a n d a r e a s o n a b l e h o p e of c o n s t r u c t i n g q u a n t u m c o m p u t e r s ( s e e
below ) c o u l d dramatically s p e e d u p t h e solution of certain mathematical p r o b l e m s ( s e e ,
e . g . [ 4 8 ] ) These benefits d e p e n d o n distinctively q u a n t u m p r o p e r t i e s s u c h a s
uncertainty , i n t e r f e r e n c e a n d e n t a n g l e m e n t . Thus q u a n t u m information theory
g e n e r a l i z e s t h e classical n o t i o n s of s o u r c e a n d c h a n n e l , a n d t h e r e l a t e d t e c h n i q u e s of
s o u r c e a n d c h a n n e l c o d i n g , a s well a s i n t r o d u c i n g a new r e s o u r c e , e n t a n g l e m e n t , which
interacts with classical a n d q u a n t u m information in a variety of ways that h a v e n o
classical parallel ( for details , s e e [ 4 1 , 4 9 ] a n d r e f e r e n c e s t h e r e i n ) .
As was shown for t h e first time by S c h r  d i n g e r [ 3 8 ] f u n d a m e n t a l p r o p e r t i e s of
q u a n t u m systems , which might b e include to information p r o c e s s e s a r e [ 5 0 - 5 3 ] :
1 . S u p e r p o s i t i o n : a q u a n t u m c o m p u t e r c a n exist in a n arbitrary c o m p l e x linear
c o m b i n a t i o n of classical B o o l e a n states , which e v o l v e in parallel a c c o r d i n g to a unitary
t r a n s f o r m a t i o n .
2 . Interference : parallel c o m p u t a t i o n p a t h s in t h e s u p e r p o s i t i o n , like p a t h s of a
particle t h r o u g h a n i n t e r f e r o m e t e r , c a n r e i n f o r c e o r c a n c e l o n e a n o t h e r , d e p e n d i n g o n
their r e l a t i v e p h a s e .
3 . E n t a n g l e m e n t : s o m e definite states of c o m p l e t e q u a n t u m system d o n o t
c o r r e s p o n d to definite states of its p a r t s .
4 . Nonlocality a n d uncertainty : a n unknown q u a n t u m state c a n n o t b e accurately
c o p i e d ( c l o n e d ) n o r c a n it b e o b s e r v e d without b e i n g d i s t u r b e d ( s e e , also [ 5 2 - 5 3 ] .
These f o u r e l e m e n t s a r e v e r y important in q u a n t u m m e c h a n i c s , a n d a s we  ll s e e
below in information p r o c e s s i n g . All ( classical ) information c a n b e r e d u c e d to elementary
units , what we call bits . E a c h bit is a yes o r a n o , which we may r e p r e s e n t it a s t h e
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number 0 or the number 1. Quantum computation and quantum information are built
upon ananalogous concept, the quantum bit [54], or qubit for short. It is a
two-dimensional quantum system (for example, a spin 1/2, a photon polarization, an
atomic system two relevant states, etc.) with Hilbert space. In mathematical terms, the
state of quantum state (which is usually denoted by P H > [ 3 3 0 ] ) is a v e c t o r in a n
a b s t r a c t Hilbert s p a c e of possible states for t h e system . The s p a c e for a single qubit is
s p a n n e d by a basis consisting of t h e two possible classical states , d e n o t e d , a s a b o v e ,
by P 0 > a n d P1 >. This m e a n that any state of qubit c a n b e d e c o m p o s e d into t h e
s u p e r p o s i t i o n
P H > = J P 0 > + K P 1 > ( 1 4 )
with suitable c h o i c e s of t h e c o m p l e x coefficients a a n d b . The v a l u e of a qubit in state
P H > is u n c e r t a i n ; if we m e a s u r e s u c h a qubit , we c a n n o t b e s u r e in a d v a n c e what
result we will g e t . Q u a n t u m m e c h a n i c s just g i v e s t h e probabilities , from t h e o v e r l a p s
between P H > a n d t h e possible o u t c o m e s , rules d u e originally by Max B o r n ( s e e , e . g .
[ 3 6 ] ) . Thus t h e probability of getting 0 is P< 0 P H >P 2 = Pa P 2 a n d that for 1 is
P< 1 P H >P 2 = Pb P 2 . Q u a n t u m states a r e t h e r e f o r e n o r m a l i z e d ; <H P H> =
( b * a * ) 6
b
a
= 1 ( where P H > is r e p r e s e n t e d by t h e v e c t o r
b
a
) a n d t h e
probabilities s u m to unity ( s e e , also a b o v e ) . Q u a n t u m m e c h a n i c s also tells u s that
( a s s u m i n g t h e system is n o t a b s o r b e d o r totally d e s t r o y e d by t h e action of
m e a s u r e m e n t ) t h e qubit state of E q . ( 4 . 1 ) suffers a projection to P 0 > ( P 1 >) when we
g e t t h e result 0 ( 1 ) . B e c a u s e P J P 2 + P K P 2 = 1 we may rewrite E q . ( 1 4 ) a s ( s e e , e . g .
[ 5 5 ] )
P H > = c o s S P 0 > + e i j sin S P 1 > ( 1 5 )
where S , j a r e real n u m b e r s . Thus we c a n apparently e n c o d e a n arbitrary l a r g e
a m o u n t of classical information into t h e state of just o n e qubit ( by c o d i n g t h e information
into t h e s e q u e n c e of digits of S a n d j) . H o w e v e r in c o n t r a s t to classical physics ,
q u a n t u m m e a s u r e m e n t theory p l a c e s s e v e r e limitations o n t h e a m o u n t of information we
c a n o b t a i n a b o u t t h e identity of a g i v e n q u a n t u m state by p e r f o r m i n g any c o n c e i v a b l e
m e a s u r e m e n t o n it . Thus most of t h e q u a n t u m information is " inaccessible " b u t it is still
useful - for e x a m p l e it is n e c e s s a r y in its totality to correctly predict any f u t u r e e v o l u t i o n
of t h e state a n d to carry o u t t h e p r o c e s s of q u a n t u m c o m p u t a t i o n ( s e e , e . g . [ 4 8 ] ) .
The n u m b e r s S a n d j d e f i n e a point o n t h e unit t h r e e - dimensional s p h e r e , a s shown
in Fig . 7 . This s p h e r e is o f t e n called t h e Bloch ( P o i n k a r e ) s p h e r e [ 5 5 ] ; it p r o v i d e s a useful
m e a n s of visualizing t h e state of a single qubit . A classical bit c a n only sit at t h e n o r t h o r
t h e s o u t h p o l e , whereas a qubit is allowed to r e s i d e at any point o n t h e s u r f a c e of t h e
s p h e r e ( for details s e e [ 4 6 ] ) .
5 . 2 . Quantum computation .
The theory of c o m p u t a t i o n h a s b e e n l o n g c o n s i d e r e d a completely theoretical field ,
d e t a c h e d from physics ( s e e , e . g . [ 4 7 , 5 7 , 5 8 ] ) . N e v e r t h e l e s s , p i o n e e r s s u c h a s Turing ,
C h u r c h , Post a n d Gdel were a b l e [ 3 6 , 2 2 ] , by intuition a l o n e , to c a p t u r e t h e c o r r e c t
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physical picture , b u t since their work did n o t r e f e r explicitly to physics ( s e e , h o w e v e r
[ 5 9 ] ) , it h a s b e e n for a l o n g time falsely a s s u m e d that t h e f o u n d a t i o n s of t h e theory of
classical c o m p u t a t i o n were self - e v i d e n t a n d purely a b s t r a c t . Only in t h e last t h r e e
d e c a d e s were q u e s t i o n s a b o u t t h e physics of c o m p u t a t i o n a s k e d a n d consistently
answered [ 6 0 , 6 1 ] . S u b s e q u e n t l y in t h e d e v e l o p m e n t of t h e subject of q u a n t u m
c o m p u t a t i o n - which r e p r e s e n t s a hybrid of q u a n t u m physics a n d theoretical c o m p u t e r
s c i e n c e - it was realized that q u a n t u m systems c o u l d b e h a r n e s s e d to p e r f o r m useful
c o m p u t a t i o n s m o r e efficiently t h e m any classical d e v i c e .
W e s h o u l d stress that t h e p e r s p e c t i v e of information theory also p r o v i d e s f u r t h e r new
insight into t h e relationship between e n t a n g l e m e n t ( s e e a b o v e ) a n d n o n - locality ( s e e ,
e . g . [ 6 2 , 6 3 ] ) , b e y o n d t h e well - s t u d i e d mediation of n o n - local correlations between local
m e a s u r e m e n t o u t c o m e s . The theory of c o m p u t a t i o n a n d c o m p u t a t i o n a l complexity [ 2 0 ]
is normally a s a n entirely mathematical theory with n o r e f e r e n c e s to c o n s i d e r a t i o n s of
physics . H o w e v e r , a s we know , any actual c o m p u t a t i o n is a physical p r o c e s s i n v o l v i n g
t h e physical e v o l u t i o n of s e l e c t e d p r o p e r t i e s of a physical system . C o n s e q u e n t l y t h e
issues of " what is c o m p u t a b l e " a n d " what is t h e complexity of a c o m p u t a t i o n " must
d e p e n d essentially o n t h e laws of physics a n d c a n n o t b e c h a r a c t e r i z e d by mathematical
a l o n e [ 3 9 ] . This f u n d a m e n t a l point was e m p h a s i z e d by L a n d a u e r , D e u t s c h a n d it is
dramatically c o n f i r m e d by t h e r e c e n t d i s c o v e r s ( s e e , e . g . [ 4 5 - 4 7 ] ) that t h e formalism of
q u a n t u m physics allows o n e to t r a n s g r e s s s o m e of b o u n d a r i e s of t h e classical theory of
c o m p u t a t i o n a l complexity , whose formulation was b a s e d o n classical intuitions .
As is well - known that a f u n d a m e n t a l n o t i o n of t h e theory of c o m p u t a t i o n a l complexity
is t h e distinction between polynomial a n d e x p o n e n t i a l u s e of r e s o u r c e s in a c o m p u t a t i o n
( s e e , also [ 6 4 ] ) . This will p r o v i d e a q u a n t i t a t i v e m e a s u r e of o u r essential distinction
between q u a n t u m a n d classical c o m p u t a t i o n . C o n s i d e r a c o m p u t a t i o n a l task s u c h a s
following : g i v e n a n i n t e g e r N , d e c i d e whether N is a prime n u m b e r o r n o t . W e wish to
a s s e s s t h e r e s o u r c e s r e q u i r e d for this task a s a function of t h e size of t h e input which is
m e a s u r e d by n = log 2 N , t h e n u m b e r s of bits n e e d e d to s t o r e N . If T ( n ) d e n o t e s t h e
n u m b e r of s t e p s ( o n a s t a n d a r d u n i v e r s a l c o m p u t e r ) n e e d e d to s o l v e t h e p r o b l e m , we
a s k whether T ( n ) c a n b e b o u n d e d by s o m e polynomial function in n o r whether T ( n )
grows faster t h a n any polynomial ( e . g . e x p o n e n t i a l ) . More generally it may c o n s i d e r any
l a n g u a g e L - a l a n g u a g e b e i n g a s u b s e t of t h e set of all finite strings of 0  s a n d 1  s - a n d
c o n s i d e r t h e c o m p u t a t i o n a l task of r e c o g n i z i n g t h e l a n g u a g e , i . e . g i v e n a string a of
l e n g t h n t h e c o m p u t a t i o n s o u t p u t s 0 if a 5 L a n d o u t p u t s 1 if a 6 L . The l a n g u a g e L is
said to b e in complexity class P ( it is m e a n " polynomial time " ) if t h e r e a r e exists a n
algorithm which r e c o g n i z e s L a n d r u n s in time T ( n ) b o u n d e d by polynomial function .
Otherwise t h e r e c o g n i t i o n of L is said to r e q u i r e e x p o n e n t i a l time .
Thus , t h e s t a n d a r d mathematical theory of c o m p u t a t i o n a l complexity a s s e s s e s t h e
complexity of a c o m p u t a t i o n in terms of t h e r e s o u r c e s of time ( n u m b e r of s t e p s n e e d e d )
a n d s p a c e ( a m o u n t of memory r e q u i r e d ) . In t h e q u a n t u m c o m p u t a t i o n we h a v e b e e n led
to c o n s i d e r t h e a c c o u n t i n g of o t h e r physical r e s o u r c e s s u c h a s e n e r g y a n d precision
( details s e e [ 6 5 ] ) . The algorithm ; of q u a n t u m c o m p u t a t i o n s u c h a s S h o r  s algorithm [ 6 5 ]
d e p e n d critically for their efficiency a n d validity o n effects of increasingly l a r g e scale
e n t a n g l e m e n t s with i n c r e a s i n g input size ( s e e , also [ 6 6 ] ) .
F u r t h e r e v i d e n c e for t h e power of q u a n t u m powers c a m e in 1 9 9 5 when G r o v e r [ 6 7 ]
showed that a n o t h e r important p r o b l e m - t h e p r o b l e m of c o n d u c t i n g a s e a r c h t h r o u g h
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s o m e u n s t r u c t u r e d s e a r c h s p a c e - c o u l d also b e s p e e d u p o n a q u a n t u m c o m p u t e r .
W h i l e G r o v e r  s algorithms did n o t p r o v i d e a s s p e c t a c u l a r a s p e e d u p a s S h o r  s
algorithms , t h e widespread applicability of s e a r c h - b a s e d m e t h o d o l o g i e s h a s excited
c o n s i d e r a b l e interest in G r o v e r  s algorithm ( for details s e e , also [ 6 8 ] ) .
5 . 3 . Quantum teleportation .
The role of e n t a n g l e m e n t in q u a n t u m information p r o c e s s i n g is f u n d a m e n t a l .
Motivated by p a p e r [ 6 2 ] S c h r  d i n g e r in his f a m o u s p a p e r [ 3 8 ] wrote " Maximal
knowledge of a total system d o e s n o t n e c e s s a r y include total knowledge of all its p a r t s ,
n o t e v e n when t h e s e a r e fully s e p a r a t e d from e a c h o t h e r a n d at t h e momentary n o t
influencing e a c h o t h e r at all " a n d h e c o i n e d t h e term " e n t a n g l e m e n t of o u r knowledge " to
d e s c r i b e this situation [ 5 5 ] .
A c o m p o s i t e system is a system which consists of two o r m o r e p a r t s a n d t h e simplest
o n e is a system consisting of two qubits ( c a r r i e d by two particles of t h e s a m e kind , o r
o t h e r a p p r o p r i a t e q u a n t u m registers ( s e e [ 1 0 ] ) ) . W e call t h e two systems A ( Alice ) a n d B
( B o b ) . Any states of e a c h of t h e systems c a n b e written a s
P H× A = J P 0 > A + K P 1 > A a n d P ®× B = L P 0 > B + N P 1 > B ( 1 6 )
with P J P 2 + P K P 2 = 1 a n d P L P 2 + P N P 2 = 1 . The s u b i n d i c e s A a n d B r e f e r to
two physical entities ( t h e qubits ) a n d t h e v e c t o r s P0 × a n d P1 × r e f e r to their basis states ( in
t h e c a s e of a pair particles , to s o m e binary internal v a r i a b l e like spin , polarization , pair of
e n e r g y l e v e l s , etc . ) . E a c h pair of coefficients in ( 1 6 ) satisfies t h e normalization condition
[ 1 3 ] . ( The c o m p o s i t e state of t h e two systems is t h e n simply t h e t e n s o r p r o d u c t ( o r direct
p r o d u c t ) of t h e two states .
P H prod × = P H× A å P ®× B . ( 1 7 )
S u c h a state is called a p r o d u c t state , b u t p r o d u c t states a r e n o t only physically
realizable states . If we let t h e two systems interact with e a c h o t h e r , any s u p e r p o s i t i o n of
p r o d u c t states is realizable . H e n c e a g e n e r a l c o m p o s i t e state c a n b e written a s
P H× =>
i , j
J ij P H i × A å P ® j × B ( 1 8 )
where > P J ij P 2 = 1 a n d t h e sets { P H i × } a n d { P ® j × } a r e o r t h o n o r m a l b a s e s for
t h e two subsystems . Any composite s t a t e t h a t is not a product s t a t e is called an
entangled s t a t e . A c o m p o s i t e q u a n t u m state consisting of two p a r t s only , is called a
bipartite state [ 2 7 ] , a s o p p o s e d to multipartite states which consist of m o r t h a n two p a r t s .
For bipartite qubit states , f o u r e n t a n g l e d states play a major role [ 6 3 ] , namely t h e singlet
state
P H?× ¯ 1
2
( P 0 1 × - P 1 0 × ) ( 1 9 a )
a n d t h r e e triplet states
P H+× ¯ 1
2
( P 0 1 × + P 1 0 × ) ( 1 9 b )
P ®?× ¯ 1
2
( P 0 0 × - P 1 1 × ) ( 1 9 c )
P ®+× ¯ 1
2
( P 0 0 × + P 1 1 × ) ( 1 9 d )
where we h a v e u s e d Pij × a s a s h o r t h a n d n o t a t i o n for Pi × å Pj × . They a r e called Bell
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states [ 6 3 ] o r E P R [ 6 2 ] pairs . Together they form a n o r t h o g o n a l basis for t h e state s p a c e
of two qubits , called t h e Bell basis . The Bell states a r e maximally e n t a n g l e d a n d o n e c a n
b e c o n v e r t e d into a n o t h e r by applying a unitary t r a n s f o r m locally o n any o n e of t h e
subsystems . N o t e that if we m e a s u r e t h e state of o n e qubit in a Bell state ( that is ,
m e a s u r e t h e Z o p e r a t o r which h a s e i g e n v a l u e s ± 1 ) , we immediately know t h e state of
t h e o t h e r particle . In t h e singlet Bell state , a m e a s u r e m e n t of qubit A will yield o n e of t h e
e i g e n s t a t e s P 0 × a n d P1 × , e a c h with probability of 1 / 2 . These results l e a v e qubit B in
state P1 × o r P 0 × , respectively . For a single qubit we c o u l d always c h a n g e to a n o t h e r
basis where t h e o u t c o m e of a Z m e a s u r e m e n t would b e g i v e n . For a spin - 1 / 2 particle
this m e a n s that t h e spin is always pointing in s o m e direction , e v e n t h o u g h t h e state will
show u p a s a s u p e r p o s i t i o n in a basis where t h e state is n o t o n e of t h e basis states . If
t h e particle is e n t a n g l e d with a n o t h e r particle , t h o u g h , t h e direction of t h e spin of that
particle a l o n e is n o t well d e f i n e d . Actually , for particles in o n e of t h e Bell states , t h e
probability for m e a s u r i n g t h e spin of t h e particle to " u p " ( while i g n o r i n g t h e o t h e r particle )
is 1 / 2 for any direction ( for details s e e [ 6 8 ] ) .
F u r t h e r we briefly d e s c r i b e e n t a n g l e d states of two p o l a r i z e d exciton states in a
single d o t c r e a t e d a n d d e t e c t e d optically . As was n o t e d a b o v e q u a n t u m information ,
q u a n t u m c o m p u t a t i o n , q u a n t u m cryptography a n d q u a n t u m teleportation intrinsic
q u a n t u m m e c h a n i c a l correlations [ 3 7 ] . A f u n d a m e n t a l r e q u i r e m e n t for t h e e x p e r i m e n t a l
realization of s u c h p r o p o s a l is t h e successful g e n e r a t i o n of highly e n t a n g l e d q u a n t u m
states . In particular , a s will b e shown below , c o h e r e n t e v o l u t i o n of two qubits in a n
e n t a n g l e d state of t h e Bell type is f u n d a m e n t a l to b o t h q u a n t u m cryptography a n d
q u a n t u m teleportation . Maximally e n t a n g l e d states of t h r e e qubits , s u c h a s t h e s o -
called G r e e n b e r g e r - H o r n e - Zeilinger ( GHZ ) states [ 6 8 a ] , a r e n o t only of intrinsic
interest b u t also of g r e a t practical i m p o r t a n c e in s u c h p r o p o s a l s [ 6 8 b ] . New systems a n d
m e t h o d s for t h e p r e p a r a t i o n a n d m e a s u r e m e n t of s u c h maximally e n t a n g l e d states a r e
t h e r e f o r e b e i n g s o u g h t intensively ( s e e , e . g . 6 9 - 7 1 ] ) . W e s h o u l d a d d in this c o n n e c t i o n ,
that r e c e n t e x p e r i m e n t a l work of G a m m o n et al . ( s e e , e . g . reviews [ 7 1 a , b ] a n d r e f e r e n c e s
t h e r e i n ) s u g g e s t s that optically g e n e r a t e d excitons in QDs r e p r e s e n t ideal c a n d i d a t e s for
a c h i e v i n g c o h e r e n t wavefunction control o n t h e n a n o m e t e r a n d f e m t o s e c o n d scales .
W h e n two q u a n t u m d o t s a r e sufficiently , close , t h e r e is a r e s o n a n t e n e r g y t r a n s f e r
p r o c e s s originating from t h e C o u l o m b interaction whereby a n exciton c a n h o p between
d o t s [ 6 8 a ] . The C o u l o m b e x c h a n g e interaction in QD molecules g i v e rise to a n o n
r a d i a t i v e r e s o n a n t e n e r g y t r a n s f e r ( i . e . Frster p r o c e s s [ 7 2 a ] which c o r r e s p o n d to t h e
e x c h a n g e of a virtual p h o t o n , thereby destroying a n exciton in a d o t a n d t h e n r e -
c r e a t i n g it in a close by d o t . As it is well - known that t h e p r e s e n c e a n d a b s e n c e of a n
exciton in a d o t ( for e x a m p l e in i s o t o p e - mixed crystaslls s e r v e a s a qubit ) . The basic
q u a n t u m o p e r a t i o n s c a n b e p e r f o r m e d o n a s e q u e n c e of pairs of physically
distinguishable q u a n t u m bits a n d , t h e r e f o r e , c a n b e illustrated by a simple f o u r - l e v e l
system shown in Fig . 8 . In a n optically d r i v e n system where t h e P0 1 × a n d P1 0 × states
c a n b e directly excited , direct excitation of t h e u p p e r P1 1 × l e v e l from t h e g r o u n d state
P0 0 × is usually f o r b i d d e n ( s e e , e . g . [ 5 ] a n d r e f e r e n c e s t h e r e i n ) a n d t h e most efficient
a l t e r n a t i v e is c o h e r e n t n o n d e g e n e r a t e two - p h o t o n excitation , u s i n g P0 1 × a n d P1 0 × a s
a n intermediate states . The t e m p o r a l e v o l u t i o n of t h e n o n - r a d i a t i v e R a m a n c o h e r e n c e
between states P0 1 × a n d P1 0 × was directly r e s o l v e d in q a u n t u m b e a t s m e a s u r e d in
differential transmission ( DT ) geometry a s shown in Fig . 1 0 . In o r d e r to i n c r e a s e t h e
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q u a n t u m o p e r a t i o n s b e y o n d o n e d o t , interdot exciton interaction is r e q u i r e d . O n e
p r o p o s a l is to u s e a n electric field to i n c r e a s e t h e dipole - dipole interaction between to
excitons in s e p a r a t e d o t s ( s e e , e . g . [ 4 7 a ] ) .
. The p r o c e d u r e we will analyze below is called q u a n t u m teleportation a n d c a n b e
u n d e r s t o o d a s follows . The n a i v e i d e a of teleportation i n v o l v e s a p r o t o c o l [ 6 9 , 2 2 ]
whereby a n object p o s i t i o n e d at a p l a c e A a n d time t first " dematerializes " a n d t h e n
r e a p p e a r s at a distant p l a c e B at s o m e later time t + T . Q u a n t u m teleportation implies
that we wish to apply this p r o c e d u r e to a q u a n t u m object . H o w e v e r , a g e n u i n e q u a n t u m
teleportation differs from this i d e a , b e c a u s e we a r e n o t teleporting t h e w h o l e object b u t
just its state from particle A to particle B . As q u a n t u m particles a r e indistinguishable
anyway , this a m o u n t s to  real  teleportation . O n e way of p e r f o r m i n g teleportation is first
to l e a r n all t h e p r o p e r t i e s of that object ( thereby possibly destroying it ) . W e t h e n s e n d
this information a s a classical string of d a t a to B where a n o t h e r object with t h e s a m e
p r o p e r t i e s is r e c r e a t e d . O n e p r o b l e m with this picture is that , if we h a v e a single
q u a n t u m system in a n unknown state , we c a n n o t d e t e r m i n e its state completely
b e c a u s e of t h e uncertainty principle [ 3 8 , 5 1 ] . More precisely , we n e e d a n infinite
e n s e m b l e of identically p r e p a r e d q u a n t u m systems to b e a b l e completely to d e t e r m i n e
its q u a n t u m states . S o it would s e e m that t h e laws of q u a n t u m m e c h a n i c s prohibit
teleportation of single q u a n t u m systems . H o w e v e r , a s we c a n s e e a b o v e , t h e v e r y
f e a t u r e of q u a n t u m m e c h a n i c s that l e a d s to t h e uncertainty principle ( t h e s u p e r p o s i t i o n
principle [ 3 5 ] ) also allow t h e e x i s t e n c e of e n t a n g l e d states [ 3 8 ] . These e n t a n g l e d states
will p r o v i d e a form of q u a n t u m c h a n n e l to c o n d u c t a teleportation p r o t o c o l . W e s h o u l d
r e m i n d o n c e m o r e , after t h e teleportation is c o m p l e t e d , t h e original state of t h e particle at
A is d e s t r o y e d ( a l t h o u g h t h e particle itself r e m a i n s intact ) a n d it is t h e e n t a n g l e m e n t in
t h e q u a n t u m c h a n n e l .
As will b e show below , c o h e r e n t e v o l u t i o n of two qubits in a n e n t a n g l e d states of t h e
Bell type [ 6 3 ] is f u n d a m e n t a l to b o t h cryptography a n d teleportation .
C o n s i d e r a system consisting of two subsystems . Q u a n t u m m e c h a n i c s a s s o c i a t e s to
e a c h subsystem a Hilbert s p a c e . L e t H A a n d H B d e n o t e t h e s e two Hilbert s p a c e s : let
P i > A ( where i = 1 , 2 , 3 , . . . . . . . . . ) r e p r e s e n t a c o m p l e t e o r t h o g o n a l basis for H A , a n d
P j > B ( where j = 1 , 2 , 3 , . . . . . . . . . . . . ) a c o m p l e t e o r t h o g o n a l basis for H B . Q u a n t u m
m e c h a n i c s a s s o c i a t e s to t h e system , i . e . t h e two subsystems t a k e n t o g e t h e r , t h e Hilbert
s p a c e H A å H B , namely t h e Hilbert s p a c e s p a n n e d by t h e states P i > A å P j >.
F u r t h e r , we will d r o p t h e t e n s o r p r o d u c t symbol å a n d write P i > A å P j > a s P i > A
P j > B a n d s o o n .
Any linear c o m b i n a t i o n of t h e basis states P i > A P j > B is a state of t h e system ,
a n d any state P H > A B of t h e system c a n b e written a s [ 4 1 6 ]
P H > A B =>
i , j
C ij P i > A P j > B , ( 2 0 )
where t h e C ij a r e c o m p l e x coefficients ; below we t a k e P H > A B to b e n o r m a l i z e d ,
h e n c e
>
i , j
PC ij P 2 = 1 . ( 2 1 )
1 . A special c a s e of E q . ( 2 0 ) is a direct p r o d u c t in which P H > A B factors into ( a
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t e n s o r p r o d u c t of ) a n o r m a l i z e d P HÝA Þ > A =>
i
C i
ÝA Þ P i > A in H A a n d a n o r m a l i z e d
state
P HÝB Þ > B =>
j
C j
ÝB Þ P j > B in H B :
P H > A B = P HÝA Þ > A P HÝB Þ > B = >
i
C i
ÝA Þ P i > A >
j
C j
ÝB Þ P j > B .
( 2 2 )
N o t e e v e r y state in H A å H B is a p r o d u c t state . Take , for e x a m p l e , t h e state
P 1 > A P 1 > B + P 2 > A P 2 > B
2
; if we try to write it a s a direct p r o d u c t of states of H A a n d H B , we will
find that they c a n n o t .
2 . If P H > A B is n o t a p r o d u c t state , we say that it is e n t a n g l e d ( for details s e e
[ 7 0 , 7 1 ] ) .
Q u a n t u m teleportation is a m e t h o d for m o v i n g q u a n t u m states from o n e location to
a n o t h e r ( Fig . 8 ) which suffers from n o n e of t h e s e p r o b l e m s . S u p p o s e Alice a n d B o b
s h a r e a pair of qubits which a r e initially in t h e e n t a n g l e d state P 0 0 > + P 1 1 > / 2 . In
addition , Alice h a s a system which is in s o m e potentially unknown state P H >. The total
state of t h e system is t h e r e f o r e
P H >
P 0 0 > + P 1 1 >
2
. ( 2 3 )
By writing t h e state P H > a s J P 0 > + K P 1 > a n d d o i n g s o m e simple a l g e b r a , we
s e e that t h e initial state c a n b e rewritten a s
P 0 0 > + P 1 1 > P H > + P 0 0 > - P 1 1 > Z P H > +
P 0 1 > + P 1 0 > X P H > + P 0 1 > - P 1 0 > XZ P H >. ( 2 4 )
H e r e a n d below we omit normalization factors from t h e description of q u a n t u m
states . S u p p o s e Alice p e r f o r m s a m e a s u r e m e n t o n t h e two qubits in h e r p o s s e s s i o n , in
t h e Bell basis consisting of t h e f o u r o r t h o g o n a l v e c t o r s : P 0 0 > + P 1 1 >; P 0 0 > - P 1 1 >;
P 0 1 > + P 1 0 >; P 0 1 > - P 1 0 >, with c o r r e s p o n d i n g m e a s u r e m e n t o u t c o m e s which we
label 0 0 , 0 1 , 1 0 a n d 1 1 [ 7 0 ] . F r o m t h e p r e v i o u s e q u a t i o n , we s e e that B o b  s state ,
c o n d i t i o n e d o n t h e r e s p e c t i v e m e a s u r e m e n t o u t c o m e s , is g i v e n by
0 0 : P H >; 0 1 : X P H >; 1 0 : Z P H >; 1 1 : XZ P H >. ( 2 5 )
Therefore , if Alice transmits t h e two classical bits of information , s h e o b t a i n s from t h e
m e a s u r e m e n t to B o b , it is possible for B o b to r e c o v e r t h e original state P H > by
applying unitary o p e r a t o r s i n v e r s e to t h e identity X , Z a n d XZ , respectively . More
explicitly , if B o b r e c e i v e s 0 0 , h e knows his state is P H >, if h e r e c e i v e s 0 1 t h e n applying
a n X g a t e ( s e e below ) will c a u s e him to r e c o v e r P H >, if h e r e c e i v e s 1 0 t h e n applying a
Z g a t e c a u s e him to r e c o v e r P H >, a n d if h e r e c e i v e s 1 1 t h e n applying a n X g a t e
followed by a Z g a t e will e n a b l e him to r e c o v e r P H > ( s e e Fig . 1 1 ) . This c o m p l e t e s t h e
teleportation p r o c e s s .
F u r t h e r we d e s c r i e b e a practical s c h e m e c a p a b l e of d e m o n s t r a t i n g q u a n t u m
teleportation which exploits e n t a n g l e d states of excitons in c o u p l e d QDs [ 6 8 b ] . As we
saw a b o v e , t h e g e n e r a l s c h e m e of teleportation [ 3 8 ] , which is b a s e d o n E P R pairs [ 6 2 ]
a n d Bell m e a s u r e m e n t s [ 6 3 ] u s i n g classical a n d purely n o n - classical correlations ,
e n a b l e s t h e t r a n s p o r t a t i o n of a n arbitrary q u a n t u m state from o n e location to a n o t h e r
without knowledge [ 5 2 ] o r m o v e m e n t of t h e state itself t h r o u g h s p a c e . In o r d e r to in
2 4
implement t h e q u a n t u m o p e r a t i o n s for t h e description of t h e teleportation s c h e m e , we
employ two e l e m e n t s : t h e H a d a m a r d t r a n s f o r m a t i o n a n d t h e q u a n t u m controlled NOT
g a t e ( C - NOT g a t e ) . In t h e o r t h o n o r m a l c o m p u t a t i o n basis of single qubits { P0 × , P1 × } , t h e
C - NOT g a t e acts o n two qubits P j i × a n d P j j × simultaneously a s follows C - -
NOT ij ( P j i × P j j × ) í P j i × P j i ã P j j × × . H e r e ã d e n o t e s addition m o d u l o 2 . The
indices i a n d j r e f e r to t h e control bit a n d t h e t a r g e t bit respectively ( s e e Fig . 1 2 ) . The
H a d a m a r d g a t e U H acts only o n single qubits by p e r f o r m i n g t h e rotations U H ( P0 × ) í
1
2
ÝP0 × + P1 ×Þ a n d U H ( P1 × ) í 1
2
ÝP0 × - P1 ×Þ. The a b o v e t r a n s f o r m a t i o n c a n b e written a s
U H =
1 1
1 - 1
, C - NOT =
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0
( 2 6 )
a n d r e p r e s e n t e d of q u a n t u m circuits a s in Fig . 1 2 . W e also i n t r o d u c e a p u r e state
P H× ( s e e E q . 1 4 ) .
As d i s c u s s e d a b o v e , P0 × r e p r e s e n t s t h e v a c u u m state for exciton while P1 ×
r e p r e s e n t s a single exciton . As u s u a l , we r e f e r to two parties , Alice a n d B o b . Alice wants
to teleport a n arbitrary , unknown qubit state P H× to B o b . Alice p r e p a r e s two QDs ( b
a n d c ) in t h e state P 0 × a n d t h e n g i v e s t h e state P H0 0 × a s input to t h e system . By
p e r f o r m i n g t h e series of t r a n s f o r m a t i o n , B o b r e c e i v e s a s t h e o u t p u t of t h e circuit t h e
state 1
2
ÝP0 × + P1 ×Þ a 1
2
ÝP0 × + P1 ×Þ b P H× c . C o n s i d e r a system of t h r e e identical a n d
e q u i s p a c e d QDs c o n t a i n i n g n o n e t c h a r g e , which initially p r e p a r e d inn t h e state
P H× a P0 × b P0 × c . Following this initialization , we illuminate QDs b a n d c with t h e radiation
p u l s e Y( t ) = A e x p ( - i g t ) with defining b . For a 0 o r 2 ^ ? p u l s e , t h e density of probability
for finding t h e QDs b a n d c in t h e Bell state 1
2
ÝP0 × + P1 ×Þ r e q u i r e s indicated b ( s e e e . g .
[ 5 0 a ] ) . H e n c e , this time b B e l l c o r r e s p o n d s to t h e realization of t h e first two g a t e s of t h e
circuit in Fg . 1 3 , i . e . t h e H a d a m a r d t r a n s f o r m a t i o n o v e r QD b followed by t h e C - NOT
g a t e between QDs b a n d c . After this , t h e information in qubit c is s e n t to B o b a n d Alice
k e e p s in h e r memory t h e state of QS b . N e x t , we n e e d to p e r f o r m a C - N o t o p e r a t i o n
between QDs a a n d b a n d , following that , a H a d a m a r d t r a n s f o r m o v e r t h e QD a : this
p r o c e d u r e t h e n l e a v e s t h e system in t h e state
1
2
{ P0 0 × ( J P0 × + P1 × ) + P0 1 ×ÝK P0 × + J P1 × + P 1 0 × ( J P0 × - P1 × ) + P1 1 × ( - K P0 × + P1 × ) } .
( 2 7 )
As we c a n s e e n from E q . ( 2 7 ) , we a r e p r o p o s i n g t h e realization of t h e Bell basis
m e a s u r e m e n t in two s t e p s : first we h a v e r o t a t e d t h e Bell basis into t h e c o m p u t a t i o n a l
basis ( P0 0 × , P0 1 × , P1 0 × , P1 1 × by p e r f o r m i n g t h e unitary o p e r a t i o n s shown b e f o r e d a s h e d
line in Fig . 1 3 . H e n c e , t h e s e c o n d s t e p is to p e r f o r m a m e a s u r e m e n t in this
c o m p u t a t i o n a l basis . The result of this m e a s u r e m e n t p r o v i d e s u s with two classical bits
of information , conditional t h e states m e a s u r e d by n a n o p r o b i n g o n QDs a a n d b . These
classical bits a r e essential for completing t h e teleportation p r o c e s s : rewriting E q . ( 2 7 ) a s
1
2 áP 0 0 × P H× + P 0 1 ×a x P H× + P 1 0 ×a z P H× + P 1 1 ×Ý? i a y P H×
( 2 8 )
we s e e that if , i n s t e a d of p e r f o r m i n g t h e set of o p e r a t i o n s shown after t h e d a s h e d line
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in Fig . 1 3 . , B o b p e r f o r m s o n e of t h e conditional unitary o p e r a t i o n s I , a x , a z o r ( - i a y ) o v e r
t h e QD c , t h e teleportation p r o c e s s is finished since t h e excitonic state P H× h a s b e e n
t e l e p o r t e d from d o t a to d o t c . For this r e a s o n only two unitary e x c l u s i v e - o r
t r a n s f o r m a t i o n s a r e n e e d e d in o r d e r to teleport t h e state P H× . This final s t e p c a n b e
v e r i f i e d by m e a s u r i n g directly t h e excitonic l u m i n e s c e n c e from d o t c , which must
c o r r e s p o n d to t h e initial state of d o t a . For i n s t a n c e , if t h e state to b e t e l e p o r t e d is P H×
¯ P1 × , t h e final m e a s u r e m e n t of t h e n e a r - field l u m i n e s c e n c e s p e c t r u m of d o t c must
g i v e a n excitonic emission line of t h e s a m e w a v e l e n g t h a n d intensity a s t h e initial o n e for
d o t a .
5 . 4 . Quantum c r y p t o g r a p h y .
Cryptology , t h e mathematical s c i e n c e of s e c r e t c o m m u n i c a t i o n s , h a s a l o n g a n d
distinguished history of military a n d diplomatic u s e s d a t i n g b a c k to t h e a n c i e n t G r e e k s
( s e e , e . g . [ 7 2 - 7 4 ] ) . It consists of cryptography , t h e art of c o d e m a k i n g a n d
cryptoanalysis , t h e art of c o d e - b r e a k i n g . W i t h t h e proliferation of t h e Internet a n d
electronic mail , t h e i m p o r t a n c e of a c h i e v i n g secrecy in c o m m u n i c a t i o n by cryptography
[ 7 4 - 7 5 ] - t h e art of u s i n g c o d e d m e s s a g e s - is growing e a c h day .
The two main g o a l s of cryptography a r e for a s e n d e r a n d i n t e n d e d recipient to b e
a b l e to c o m m u n i c a t e in a form that is unintelligible to third parties , a n d - s e c o n d - for t h e
a u t h e n i c a t i o n [ 7 3 , 7 7 ] of m e s s a g e s to p r o v e that they were n o t a l t e r e d in transit . B o t h of
t h e s e g o a l s c a n b e a c c o m p l i s h e d with p r o v a b l e security if s e n d e r a n d recipient a r e in
p o s s e s s i o n of s h a r e d , s e c r e t " key " material . Thus key material , which is trust r a n d o m
n u m b e r s e q u e n c e , is a v e r y v a l u a b l e commodity e v e n t h r o u g h it c o n v e y s n o useful
information itself . O n e of t h e principal p r o b l e m s of cryptography is t h e r e f o r e t h e s o -
called " key distribution p r o b l e m " . How d o t h e s e n d e r a n d i n t e n d e d recipient c o m e into
p o s s e s s i o n of s e c r e t key material while b e i n g s u r e that third parties ( " e a v e s d r o p p e r s " )
c a n n o t a c q u i r e e v e n partial information a b o u t it ? It is p r o v a b l y impossible to establish a
s e c r e t key with c o n v e n t i o n a l c o m m u n i c a t i o n s , a n d s o key distribution h a s relied o n t h e
establishment of a physically s e c u r e c h a n n e l o r t h e conditional security of " difficult "
mathematical p r o b l e m s ( s e e , e . g . [ 7 0 , 7 5 ] ) in public key cryptography . Amazingly ,
q u a n t u m m e c h a n i c s h a s now p r o v i d e d t h e f o u n d a t i o n [ 7 1 , 7 5 ] s t o n e to a new a p p r o a c h
to cryptography - q u a n t u m cryptography . Namely , t h e q u a n t u m cryptography ( QC ) c a n
s o l v e many p r o b l e m s that a r e impossible from t h e p e r s p e c t i v e of c o n v e n t i o n a l
cryptography ( details s e e [ 7 6 ) .
QC was b o r n in t h e late sixties when S . W i e s n e r [ 7 8 ] wrote " C o n j u g a t e C o d i n g " .
Unfortunately , this highly i n n o v a t i v e p a p e r was u n p u b l i s h e d at t h e time a n d it went
mostly u n n o t i c e d . There , W i e s n e r e x p l a i n e d how q u a n t u m physics c o u l d b e u s e d in
principle to p r o d u c e b a n k n o t e s that would b e impossible to counterfeit a n d how to
implement what h e called a " multiplexing c h a n n e l " a n o t i o n strikingly similar to what
R a b i n [ 7 9 ] was to p u t forward m o r e t h a n t e n years later u n d e r t h e n a m e of " o b l i v i o u s
t r a n s f e r " [ 8 0 ] .
L a t e r , B e n n e t t a n d B r a s s a r d [ 8 1 , 8 2 ] realized that i n s t e a d of u s i n g single q u a n t a for
information s t o r a g e they c o u l d b e u s e d for information transmission . In 1 9 8 4 they
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p u b l i s h e d t h e first q u a n t u m cryptography p r o t o c o l now known a s " B B 8 4 " [ 8 1 ] . A f u r t h e r
a d v a n c e in theoretical q u a n t u m cryptography t o o k p l a c e in 1 9 9 1 when Ekert [ 8 3 ]
p r o p o s e d that E P R [ 6 2 ] e n t a n g l e d two - particle states c o u l d b e u s e d to implement a
q u a n t u m cryptography p r o t o c o l whose security was b a s e d o n Bell  s inequalities [ 6 3 ] .
Also in 1 9 9 1 , B e n n e t t a n d c o a u t h o r s d e m o n s t r a t e d t h e q u a n t u m key distribution ( QKD )
was potentially practical by c o n s t r u c t i n g a working prototype system for t h e B B 8 4
p r o t o c o l , u s i n g p o l a r i z e d p h o t o n s [ 7 5 , 8 4 , 8 5 ] .
In 1 9 9 2 B e n n e t t p u b l i s h e d a " minimal " QKD s c h e m e ( " B 9 2 " ) a n d p r o p o s e d that it
c o u l d b e i m p l e m e n t e d u s i n g single - p h o t o n i n t e r f e r e n c e with p h o t o n s p r o p a g a t i n g for
l o n g d i s t a n c e s o v e r optical fibers [ 8 6 ] . After that , o t h e r QKD p r o t o c o l s h a v e b e e n
p u b l i s h e d [ 2 7 ] a n d e x p e r i m e n t s were d o n e in different c o u n t r i e s ( for details s e e [ 7 5 , 8 4 ,
8 5 , 8 7 ] ) .
QKD is a m e t h o d in which q u a n t u m states a r e u s e d to establish a r a n d o m s e c r e t key
for cryptography . The essential i d e a s a r e a s follows : Alice a n d B o b a r e , a s u s u a l widely
s e p a r a t e d a n d wish to c o m m u n i c a t e ( s e e also Fig . 1 4 ) . Alice s e n d to B o b 2 n qubits ,
e a c h p r e p a r e d in o n e of t h e states P 0 >, P 1 >, P + >, P ? >, randomly c h o s e n . As is
well - known , many o t h e r m e t h o d s a r e possible ( s e e , e . g . [ 3 3 3 ; 3 5 2 0 ; 3 . 5 4 ] ) we c o n s i d e r
h e r e this o n e merely to illustrate t h e c o n c e p t of QC . B o b m e a s u r e s his r e c e i v e d bits ,
c h o o s i n g t h e m e a s u r e m e n t basis randomly between P 0 > , P 1 > a n d
P + > , P ? > . N e x t Alice a n d B o b inform e a c h o t h e r publicly ( i . e . a n y o n e c a n listen
in ) of t h e b a s e they u s e d to p r e p a r e o r m e a s u r e e a c h qubit . they find o u t o n which
o c c a s i o n s they by c h a n c e u s e d t h e s a m e basis , which h a p p e n s o n a v e r a g e half t h e
time , a n d retain just t h o s e results . In t h e a b s e n c e of e r r o r s o r i n t e r f e r e n c e , they now
s h a r e t h e s a m e r a n d o m string of n classical bits ( they a g r e e for e x a m p l e to a s s o c i a t e
P 0 > a n d P + > with 0 ; P 1 > a n d P ? > with 1 . This classical bit string is o f t e n called t h e
raw q u a n t u m transmission , RQT ( for details s e e [ 7 1 ] ) .
S o far n o t h i n g h a s b e e n g a i n e d by u s i n g qubits . The important f e a t u r e is , h o w e v e r ,
that it is impossible for a n y o n e to l e a r n B o b  s m e a s u r e m e n t results by o b s e r v i n g t h e
qubits d u r i n g p e r f o r m a n c e , without l e a v i n g e v i d e n c e of their p r e s e n c e [ 7 5 ] . The c r u d e s t
way for a n e a v e s d r o p p e r E v e to attempt to d i s c o v e r t h e key would b e for h e r to
intercept t h e qubits a n d m e a s u r e t h e m , t h e n p a s s t h e m o n to B o b . On a v e r a g e half t h e
time E v e g u e s s e s Alice  s basis correctly a n d t h u s d o e s n o t disturb t h e qubit . H o w e v e r ,
E v e  s c o r r e c t g u e s s e s d o n o t coincide with B o b  s , s o E v e l e a r n s t h e state of half of t h e n
qubits which Alice a n d B o b later to trust , a n d disturbs t h e o t h e r half , for e x a m p l e
s e n d i n g to B o b P + > for Alice  s P 0 >. Half of t h o s e disturb will b e p r o j e c t e d by B o b  s
m e a s u r e m e n t b a c k o n t o t h e original state s e n t by Alice , s o o v e r a l l E v e c o r r u p t s n / 4 bits
of t h e RQT . Alice a n d B o b c a n now d e t e c t E v e  s p r e s e n c e simply by randomly c h o o s i n g
n / 2 bits of t h e RQT a n d a n n o u n c i n g publicly t h e v a l u e s they h a v e . If they a g r e e o n all
t h e s e bits , t h e n they c a n trust n o e a v e s d r o p p e r was p r e s e n t , since t h e probability that
E v e was p r e s e n t a n d they h a p p e n e d to c h o o s e n / 2 u n c o r r u p t e d bits is ( 3 / 4 ) n / 2 p 1 0 ? 1 2 5
for n = 1 0 0 0 . The n / 2 bits form t h e s e c r e t key . F r o m this picture , we s e e , that Alice a n d
B o b d o n o t u s e t h e q u a n t u m c h a n n e l ( Fig . 1 4 ) to transmit information , b u t only to
transmit a r a n d o m s e q u e n c e of bits , i . e . key . Now if t h e key is u n p e r t u r b e d , t h e n
q u a n t u m physics g u a r a n t e e s that n o o n e h a s g o t t e n any information a b o u t this key by
e a v e s d r o p p i n g , i . e . m e a s u r i n g , t h e q u a n t u m c o m m u n i c a t i o n c h a n n e l . In this c a s e , Alice
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a n d B o b c a n safely u s e this key to e n c o d e m e s s a g e s . In c o n c l u s i o n of this p a r t we n o t e
that t h e a u t h o r s of p a p e r [ 3 6 6 ] p e r f o r m e d successfully q u a n t u m key e x c h a n g e o v e r
different installed c a b l e s , t h e l o n g e s t c o n n e c t i n g t h e cities of L a u s a n n e a n d G e n e v a
( s e e Fig . 1 5 ) .
6 . Quantum c o m p u t e r s .
6 . 1 . B a c k g r o u n d s .
In q u a n t u m m e c h a n i c s t h e r e a r e s o m e basic principles : s u c h a s t h e c o r r e s p o n d e n c e
principle , H e i s e n b e r g  s uncertainty principle , o r Pauli  s principle , that e n c o d e t h e
f u n d a m e n t a l s of that theory . The knowledge of t h o s e principles p r o v i d e s u s with t h e
essential u n d e r s t a n d i n g of a q u a n t u m m e c h a n i c s at a g l a n c e , without g o i n g into t h e
c o m p l e t e formalism of that subject ( s e e , e . g . [ 8 8 ] ) . A similar thing h a p p e n s with o t h e r
a r e a s n physics . In c o m p u t e r s c i e n c e t h e r e a r e g u i d i n g principles for t h e a r c h i t e c t u r e of
a c o m p u t e r ( hardware ) a n d t h e p r o g r a m s to b e r u n ( software ) . Likewise , in q u a n t u m
c o m p u t i n g we h a v e s e e n that t h e r e a r e basic principles a s s o c i a t e d with t h e i d e a s of
q u a n t u m parallelism ( s u p e r p o s i t i o n principle ) a n d q u a n t u m p r o g r a m m i n g ( c o n s t r u c t i v e
i n t e r f e r e n c e ) . By principles of q u a n t u m c o m p u t a t i o n we m e a n t h o s e rules that a r e
specific to t h e act of c o m p u t i n g a c c o r d i n g to t h e laws of q u a n t u m m e c h a n i c s . As was
m e n t i o n e d a b o v e , that t h e q u a n t u m v e r s i o n of parallelism is realized t h r o u g h t h e
s u p e r p o s i t i o n principle of q u a n t u m m e c h a n i c a l amplitudes , likewise t h e act of
p r o g r a m m i n g a q u a n t u m c o m p u t e r s h o u l d b e closely r e l a t e d to a c o n s t r u c t i v e
i n t e r f e r e n c e of t h o s e amplitudes i n v o l v e d in t h e s u p e r p o s i t i o n of q u a n t u m states in t h e
register of t h e c o m p u t e r ( for details s e e [ 8 9 ] ) .
A key s t e p towards t h e realization of t h e practical q u a n t u m c o m p u t e r is to d e c o u p l e
its functioning into t h e simplest possible primitive o p e r a t i o n s o r g a t e s ( s e e , also [ 9 0 ] ) . A
u n i v e r s a l g a t e s u c h a s N A N D ( in classical c o m p u t e r s ) o p e r a t e s locally o n a v e r y
r e d u c e d n u m b e r of bits ( actually two ) . H o w e v e r , by c o m b i n i n g N A N D g a t e s in t h e
a p p r o p r i a t e n u m b e r a s e q u e n c e we c a n carry o u t arbitrary c o m p u t a t i o n s o n arbitrary
many bits . This was v e r y useful in practice for it allowed d e v i c e , l e a v i n g t h e rest to t h e
circuit d e s i g n e r . The s a m e rationale applies to q u a n t u m circuits . W h e n a q u a n t u m
c o m p u t e r is working it is a unitary e v o l u t i o n o p e r a t o r that is effecting a p r e d e t e r m i n e d
action o n a series of qubits . These qubits form t h e memory register of t h e m a c h i n e , o r a
q u a n t u m register . A q u a n t u m register is a string of qubits with a p r e d e t e r m i n e d finite
l e n g t h . The s p a c e of all t h e possible register states m a k e s u p t h e Hilbert s p a c e of states
a s s o c i a t e s with t h e q u a n t u m c o m p u t e r . A q u a n t u m memory register c a n s t o r e multiple
s e q u e n c e s of classical bits in s u p e r p o s i t i o n . this is a manifestation of q u a n t u m
parallelism . A q u a n t u m logic g a t e is a unitary o p e r a t o r acting o n t h e states of a certain
set of qubits ( s e e , also Fig . 1 6 A ) . If t h e n u m b e r of s u c h qubits is n , t h e q u a n t u m g a t e is
r e p r e s e n t e d by a 2 n × 2 n matrix in t h e unitary g r o u p U ( 2 n ) . It is t h u s a r e v e r s i b l e g a t e : we
c a n r e v e r s e t h e action , thereby r e c e i v i n g t h e initial q u a n t u m state from final o n e [ 4 0 , 9 0 ] .
O n e - qubits a r e t h e simplest possible g a t e s b e c a u s e they t a k e o n e input qubit a n d
t r a n s f o r m it into o n e o u t p u t qubit . The q u a n t u m NOT g a t e is a o n e - qubit g a t e ( Fig . 1 6 A ) .
Its unitary e v o l u t i o n o p e r a t o r U NOT is [ 9 0 ]
2 8
U NOT =
0 1
1 0
. ( 2 9 )
The truth table r e p r e s e n t i n g this g a t e c a n b e f o u n d in [ 2 2 , 7 1 , 8 9 ] . It c a n b e s e e that
this q u a n t u m NOT g a t e coincides with t h e classical c o u n t e r p a r t . H o w e v e r , t h e r e is a
basic underlying d i f f e r e n c e : t h e q u a n t u m g a t e acts o n qubits while t h e classical g a t e
o p e r a t e s o n bits . This d i f f e r e n c e allows u s to i n t r o d u c e a truly o n e - qubit g a t e : t h e N O T
g a t e . Its matrix r e p r e s e n t a t i o n is
U NOT =
1
2
e i ^ / 4 1 - i a x . ( 3 0 )
U NOT U NOT =
1 + i
2
1 - i
2
1 - i
2
1 + i
2
1 + i
2
1 - i
2
1 - i
2
1 + i
2
=
0 1
1 0
= U NOT .
( 3 1 )
This g a t e h a s n o c o u n t e r p a r t in classical c o m p u t e r s since it implements nontrivial
s u p e r p o s i t i o n of basic set . A n o t h e r o n e - qubit g a t e without a n a l o g in classical circuity a n d
heavily u s e d in q u a n t u m c o m p u t e r s is t h e s o - called H a d a m a r d ( H ) g a t e [ 6 6 , 9 1 ] . This
g a t e is d e f i n e d a s :
U H = 1
2
1 1
1 - 1
. ( 3 2 )
t h e XOR ( e x c l u s i v e - OR ) , o r CNOT ( controlled - NOT ) g a t e is a n e x a m p l e of a
q u a n t u m logic g a t e o n two qubits ( s e e , also [ 9 2 ] ) . It is instructive to g i v e t h e unitary
action U X O R , CNOT of this g a t e in s e v e r a l form [ 4 8 ] . Its action o n t h e two - qubit basis
states is
U CNOT P 0 0 > = P 0 0 >; U CNOT P 1 0 > = P 1 1 >; U CNOT P 0 1 > = P 0 1 >; U CNOT P 1 1 > =
P 1 0 >; ( 3 3 )
F r o m this definition we c a n s e e that t h e n a m e of this g a t e is quite a p p a r e n t , for it
m e a n s that it e x e c u t e s a NOT o p e r a t i o n o n t h e s e c o n d qubit c o n d i t i o n e d to h a v e t h e
first qubit in t h e state P 1 >. Its matrix r e p r e s e n t a t i o n is
U CNOT = U X O R =
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0
. ( 3 4 )
The action of t h e CNOT o p e r a t o r ( 3 3 ) immediately translates into a c o r r e s p o n d i n g
truth table . The diagrammatic r e p r e s e n t a t i o n of t h e CNOT g a t e is shown in Fig . 1 6 B . W e
shall s e e how this q u a n t u m CNOT g a t e plays a p a r a m o u n t role in b o t h t h e theory a n d
e x p e r i m e n t a l realization of q u a n t u m c o m p u t e r s . It allows t h e implementation of
conditional logic at a q u a n t u m l e v e l .
Unlike t h e CNOT g a t e , t h e r e two - qubit g a t e s with n o classical a n a l o g ( s e e , also [ 5 8 ] ) .
O n e e x a m p l e is t h e controlled - p h a s e g a t e o r C P H A S E :
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U CPHASE =
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 e
i ®
. ( 3 5 )
It implements a conditional p h a s e shift o n t h e s e c o n d qubit [ 3 7 0 ] . Other interesting
two - qubit g a t e s a r e t h e S W A P g a t e , which i n t e r c h a n g e s t h e states of t h e two - qubits , a n d
t h e S W A P g a t e , whose matrix r e p r e s e n t a t i o n a r e
U SWAP =
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
, ( 3 6 )
U SWAP =
1 0 0 0
0 1 + i2
1 - i
2 0
0 1 - i2
1 + i
2 0
0 0 0 0
. ( 3 7 )
A n immediate e x t e n s i o n of t h e CNOT c o n s t r u c t i o n to t h r e e qubits yields t h e CCNOT
g a t e ( o r C 2 NOT - controlled - controlled - n o t g a t e ) which is also called Toffoli g a t e [ 9 5 ]
( s e e , also [ 9 3 , 9 4 ] ) . The D e u t s c h g a t e D ÝSÞ is also a n important t h r e e - qubit g a t e . It is a
controlled - controlled - S o r C 2 S o p e r a t i o n , where
U D ÝSÞ = ie ?
Sa x
2 = icos S2 + a x sin
S
2 ( 3 8 )
is a unitary o p e r a t i o n that r o t a t e s a qubit a b o u t t h e X axis by a n a n g l e S a n d t h e n
multiplies it by a factor i a n d a x . H e r e a x is t h e Pauli matrix
a x =
0 1
1 0
. ( 3 9 )
E x a m p l e s of multi - qubit g a t e s c a n b e f o u n d in t h e r e f e r e n c e s [ 9 1 - 9 7 ] .
6 . 2 . Isotope - B a s e d Quantum C o m p u t e r s .
The d e v e l o p m e n t of efficient q u a n t u m algorithms for classically h a r d p r o b l e m s h a s
g e n e r a t e d interest in t h e c o n s t r u c t i o n of a q u a n t u m c o m p u t e r . A q u a n t u m c o m p u t e r
u s e s s u p e r p o s i t i o n s of all possible input states . By exploiting this q u a n t u m parallelism ,
certain algorithms allow o n e to factorize [ 6 5 ] l a r g e i n t e g e r s with a s t o u n d i n g s p e e d , a n d
rapidly s e a r c h t h r o u g h l a r g e d a t a b a s e s [ 6 7 ] , a n d efficiently simulate q u a n t u m systems
[ 6 1 ] . In t h e n e a r e r term s u c h d e v i c e s c o u l d facilitate s e c u r e c o m m u n i c a t i o n a n d
distributed c o m p u t i n g . In any physical system , bit e r r o r s will o c c u r d u r i n g t h e
c o m p u t a t i o n . In q u a n t u m c o m p u t i n g this is particularly c a t a s t r o p h i c , b e c a u s e t h e e r r o r s
c a u s e d e c o h e r e n c e [ 2 2 ] a n d c a n destroy t h e delicate s u p e r p o s i t i o n that n e e d s to b e
3 0
p r e s e r v e d t h r o u g h o u t t h e c o m p u t a t i o n . W i t h t h e d i s c o v e r y of q u a n t u m e r r o r c o r r e c t i o n
[ 6 5 , 9 8 ] a n d fualt - tolerant c o m p u t i n g , in which t h e s e e r r o r s a r e continuously c o r r e c t e d
without destroying t h e q u a n t u m information , t h e c o n s t r u c t i o n of a real c o m p u t e r h a s
b e c a m e a distinct possibility . The task that lie a h e a d to c r e a t e a n actual q u a n t u m
c o m p u t e r a r e formidable : Preskill [ 9 3 ] h a s estimated that a q u a n t u m c o m p u t e r o p e r a t i n g
o n 1 0 6 qubits with a 1 0 - 6 probability of e r r o r in e a c h o p e r a t i o n would e x c e e d t h e
capabilities of c o n t e m p o r a r y c o n v e n t i o n a l c o m p u t e r s o n t h e prime factorization
p r o b l e m . To m a k e u s e of e r r o r - c o r r e c t i n g c o d e s , logical o p e r a t i o n s a n d m e a s u r e m e n t
must b e a b l e to p r o c e e d in parallel o n qubits t h r o u g h o u t t h e c o m p u t e r .
P h o s p h o r o u s d o n o r s in silicon p r e s e n t a u n i q u e opportunity for solid - state q u a n t u m
c o m p u t a t i o n [ 9 9 ] . Electrons spins o n isolated Si : P d o n o r s h a v e v e r y l o n g d e c o h e r e n c e
times of i 6 0 m s in isotopically purified 2 8 Si at 7 K [ 1 0 0 ] . By c o n t r a s t , e l e c t r o n spin
d e p h a s i n g times in GaAs ( for e x a m p l e ) a r e o r d e r s - of - m a g n i t u d e s h o r t e r d u e spin -
orbit interaction ; a n d t h e b a c k g r o u n d n u c l e a r spins of t h e III - V h o s t lattice c a n n o t b e
eliminated by i s o t o p e selection . Finally , t h e Si : P d o n o r is a self - c o n f i n e d , perfectly
uniform single - e l e c t r o n q u a n t u m d o t with a n o n - d e g e n e r a t e g r o u n d state . A s t r o n g
C o u l o m b potential b r e a k s t h e 6 - valley d e g e n e r a c y of t h e silicon c o n d u c t i o n b a n d n e a r
d o n o r site , yielding a substantial e n e r g y g a p of i 1 5 m e V to t h e lowest excited [ 1 0 1 ] a s
n e e d e d for q u a n t u m c o m p u t a t i o n . As we all know , t h e Si : 3 1 P system was exhaustively
s t u d i e d m o r e t h a n 4 0 years a g o in t h e first e l e c t r o n - n u c l e a r d o u b l e - r e s o n a n c e
e x p e r i m e n t s . At sufficiently low 3 1 P c o n c e n t r a t i o n s at t e m p e r a t u r e T = 1 . 5 K , t h e e l e c t r o n
spin relaxation time is t h o u s a n d s of s e c o n d s a n d t h e 3 1 P n u c l e a r spin relaxation time
e x c e e d s 1 0 h o u r s . It is likely that at millikelvin t e m p e r a t u r e s t h e p h o n o n limited 3 1 P
relaxation time is of t h e o r d e r of 1 0 1 8 s e c o n d s [ 1 0 2 ] , m a k i n g , a s we said a b o v e , this
system ideal for q u a n t u m c o m p u t a t i o n .
K a n e  s original p r o p o s a l [ 9 9 ] e n v i s i o n s e n c o d i n g q u a n t u m information o n t o t h e
n u c l e a r spin 1 / 2 states of 3 1 P qubits in a spinless I = 0 2 8 Si lattice . The K a n e a r c h i t e c t u r e
employs a n array of t o p - g a t e s ( s e e Fig . 1 7 ) . to m a n i p u l a t e t h e g r o u n d state
wavefunctions of t h e spin - p o l a r i z e d e l e c t r o n s at e a c h d o n o r site in a h i g h m a g n e t i c
field B i 2 T , at v e r y low t e m p e r a t u r e ( T p 1 0 0 mK ) . " A - g a t e s " a b o v e e a c h d o n o r t u r n
single - qubit NMR rotations v i a t h e c o n t a c t hyperfine interaction ; a n d " J - g a t e s "
between t h e m i n d u c e a n indirect two - qubit n u c l e a r e x c h a n g e interaction v i a o v e r l a p of
t h e spin - p o l a r i z e d e l e c t r o n wavefunctions . In o t h e r words , spin - 1 / 2 3 1 P d o n o r nuclei
a r e qubits , while d o n o r e l e c t r o n s t o g e t h e r with e x t e r n a l A - g a t e s p r o v i d e single - qubit
( u s i n g e x t e r n a l m a g n e t i c field ) a n d two - qubit o p e r a t i o n s ( u s i n g hyperfine a n d e l e c t r o n
e x c h a n g e interactions ) . Specifically , t h e single . d o n o r n u c l e a r spin splitting is g i v e n by
[ 9 9 ]
¤g A = 2 g n W n B + 2 A + 2 A
2
W B B
, ( 4 0 )
where g n is t h e n u c l e a r spin g - factor ( = 1 . 1 3 for 3 1 P [ 9 9 ] ) , W n is t h e n u c l e a r
m a g n e t o n , A is t h e s t r e n g t h of t h e hyperfine c o u p l i n g between t h e 3 1 P n u c l e u s a n d t h e
d o n o r e l e c t r o n spin , a n d B is t h e a p p l i e d m a g n e t i c field . It  s clear that by c h a n g i n g A o n e
c a n effectively c h a n g e t h e n u c l e a r spin splitting , t h u s allow r e s o n a n t manipulations of
individual n u c l e a r spins ( Fig . 1 8 ) . If t h e d o n o r e l e c t r o n s of two n e a r b y d o n o r s a r e
allowed to o v e r l a p , t h e interaction p a r t of t h e spin Hamiltonian for t h e two e l e c t r o n s a n d
t h e two nuclei include e l e c t r o n - n u c l e a r hyperfine c o u p l i n g a n d e l e c t r o n - e l e c t r o n
3 1
e x c h a n g e c o u p l i n g [ 9 9 ] ( s e e also [ 1 0 3 , 1 0 4 ]
H = H Zeeman + H i n t = H Zeeman + A 1 S 1 6 I 1 + A 2 S 2 6 I 2 + J S 1 S 2 , ( 4 1 )
where S 1 a n d S 2 r e p r e s e n t t h e two e l e c t r o n spins , I 1 a n d I 2 a r e t h e two n u c l e a r
spins , A 1 a n d A 2 r e p r e s e n t t h e hyperfine c o u p l i n g s t r e n g t h at t h e two d o n o r sites , a n d J
is t h e e x c h a n g e c o u p l i n g s t r e n g t h between t h e two d o n o r e l e c t r o n s , which is d e t e r m i n e d
by t h e o v e r l a p of t h e d o n o r e l e c t r o n wavefunctions . The lowest o r d e r p e r t u r b a t i o n
calculation ( a s s u m i n g A 1 = A 2 = A a n d J is m u c h smaller t h a n t h e e l e c t r o n Z e e m a n
splitting ) results in a n e f f e c t i v e e x c h a n g e c o u p l i n g between t h e two nuclei a n d t h e
c o u p l i n g s t r e n g t h is ( s e e [ 9 9 ] )
J nn = 4 A
2 J
W B B W B B - 2 J
. ( 4 2 )
Now t h e two d o n o r e l e c t r o n s a r e essentially shuttles different n u c l e a r spin qubits a n d
a r e controlled by e x t e r n a l g a t e v o l t a g e s . The final m e a s u r e m e n t is d o n e by first
t r a n s f e r r i n g n u c l e a r spin information into e l e c t r o n spins u s i n g hyperfine interaction , t h e n
c o n v e r t i n g e l e c t r o n spin information into c h a r g e states s u c h a s c h a r g e locations [ 1 0 3 ] . A
significant a d v a n t a g e of silicon is that its most a b u n d a n t i s o t o p e 2 8 Si is spinless , t h u s
p r o v i d i n g a " quiet " e n v i r o n m e n t for t h e d o n o r n u c l e a r spin qubits . In addition , Si h a s also
smaller intrinsic spin - orbit c o u p l i n g t h a n o t h e r p o p u l a r s e m i c o n d u c t o r s s u c h a s GaAs .
In g e n e r a l , n u c l e a r spins h a v e v e r y l o n g c o h e r e n c e times b e c a u s e they d o n o t strongly
c o u p l e with their e n v i r o n m e n t , a n d a r e t h u s g o o d c a n d i d a t e s for qubits ( s e e , also [ 2 7 ,
1 0 4 , 1 0 2 ] ) .
A l t h o u g h t h e n u c l e a r spin offers unlimited d e c o h e r e n c e times for q u a n t u m
information p r o c e s s i n g , t h e technical p r o b l e m s of d e a l i n g with n u c l e a r spins t h r o u g h t h e
e l e c t r o n s a r e exceedingly difficult . A modified v e r s i o n s of t h e K a n e a r c h i t e c t u r e was
s o o n p r o p o s e d u s i n g t h e spin of t h e d o n o r e l e c t r o n a s t h e qubit [ 1 0 5 , 1 0 6 ] . In t h e first
s c h e m e [ 1 0 5 ] , A - g a t e s would m o d u l a t e t h e e l e c t r o n g - factor by polarizing its g r o u n d
state into Ge - rich r e g i o n s of a SiGe h e t e r o - s t r u c t u r e for s e l e c t i v e E S R rotations , while
two - qubit e l e c t r o n e x c h a n g e is i n d u c e d t h r o u g h wavefunction o v e r l a p . In t h e studies of
Shlimak et al . [ 1 0 6 ] was u s e d t h e new technology to growth of SIGE h e t e r o - - s t r u c t u r e s .
R e c e n t a c h i e v e m e n t in Si / Ge technology allow o n e to o b t a i n h i g h quality h e t e r o j u n c t i o n s
with a mobility of a b o u t ( 1 - 5 ) 61 0 5 c m 2 V ? 1 s ? 1 [ 1 0 7 ] . U s i n g Si / Ge h e t e r o - s t r u c t u r e s h a s
s e v e r a l a d v a n t a g e s c o n c e r n i n g s e m i c o n d u c t o r b a s e d n u c l e a r spin q u a n t u m c o m p u t e r s
( S - N S Q C s ) . First , t h e c o n c e n t r a t i o n of n u c l e a r spins in Ge a n d Si crystals is m u c h
lower , b e c a u s e only o n e i s o t o p e ( 7 3 Ge a n d 2 9 Si [ 5 ] ) h a s a n u c l e a r spin , a n d t h e n a t u r a l
a b u n d a n c e of this i s o t o p e is small ( s e e , also [ 6 ] ) . S e c o n d t h e v a r i a t i o n of isotopic
composition for Ge a n d Si will l e a d to t h e c r e a t i o n of a material with a controlled
c o n c e n t r a t i o n of n u c l e a r spin , a n d e v e n without n u c l e a r spins . Utilization of isotopically
e n g i n e e r e d Ge a n d Si e l e m e n t s in t h e growth of t h e a c t i v e Si / Ge layers c o u l d h e l p
realize a n almost z e r o n u c l e a r spin layer that is c o p l a n a r with t h e 2 D E G . Then , o n e
might deliberately v a r y t h e isotopic composition to p r o d u c e layers , wires a n d d o t s that
c o u l d s e r v e a s n u c l e a r spin qubits with a controlled n u m b e r of n u c l e a r spins ( s e e also
[ 1 0 ] ) .
The key point of a n o v e l technology is t h e growth of t h e central Si a n d b a r r i e r
Si 0 . 8 5 Ge 0 . 1 5 layers from different i s o t o p e s : t h e Si 0 . 8 5 Ge 0 . 1 5 layers from i s o t o p e 2 8 Si a n d
7 2 Ge a n d t h e central Si layer from i s o t o p e 2 8 Si with 3 0 Si s p o t s i n t r o d u c e d by m e a n s of
t h e n a n o - litography ( s e e Fig . 1 9 ) ( s e e [ 1 0 8 ] ) . t h e formation of q u a s i - o n e - dimensional
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Si wires will b e a c h i e v e d in a s u b s e q u e n t o p e r a t i o n by t h e e t c h i n g of Si layer between
wires a n d t h e filling of t h e resulting g a p s by t h e Si 0 . 8 5 Ge 0 . 1 5 b a r r i e r c o m p o s e d from
i s o t o p e s 2 8 Si a n d 7 2 Ge . B e c a u s e different i s o t o p e s of Si a n d Ge a r e chemically identical ,
this technology g u a r a n t e e s t h e h i g h quality of t h e grown s t r u c t u r e s [ 4 7 4 ] . After
p r e p a r a t i o n , t h e s e s t r u c t u r e s will b e irradiated with a n e u t r o n flux in a n u c l e a r r e a c t o r by
t h e fast a n n e a l i n g of radiation d a m a g e ( s e e [ 1 0 ] a n d r e f e r e n c e s cited t h e r e i n ) .
As was shown by Di V i n c e n z o [ 1 0 9 ] that two - bit g a t e s a p p l i e d to a pair of e l e c t r o n
o r n u c l e a r spins a r e u n i v e r s a l for t h e verification of all principles of q u a n t u m
c o m p u t a t i o n . B e c a u s e direct o v e r l a p of wavefunctions for e l e c t r o n s localized o n P
d o n o r s is negligible for distant pairs , t h e a u t h o r s of p a p e r [ 1 0 6 ] p r o p o s e d a n o t h e r
principle of c o u p l i n g b a s e d o n t h e p l a c e m e n t of qubits at fixed positions in a q u a s i - o n e
- dimensional Si nanowire a n d u s i n g t h e indirect interaction of 3 1 P n u c l e a r spins with
spins of e l e c t r o n s localized in t h e nanowire which they called a s " 1 D - e l e c t r o n s " . This
interaction d e p e n d s o n t h e amplitude of t h e wavefunction of t h e " 1 D - e l e c t r o n "
estimated at t h e position of t h e g i v e n d o n o r n u c l e u s H n ( r i ) a n d c a n b e controlled by t h e
c h a n g e in t h e n u m b e r of " 1 D - e l e c t r o n s " N in t h e wire . At N = 0 , t h e interqubit c o u p l i n g
is totally s u p p r e s s e d , e a c h 3 1 P n u c l e a r spin interact only with its own d o n o r e l e c t r o n .
This situation is a n a l o g o u s to that o n e s u g g e s t e d in t h e K a n e p r o p o s a l [ 1 0 3 , 1 0 4 ] a n d
t h e r e f o r e all single - qubit o p e r a t i o n s a n d estimates of t h e d e c o h e r e n c e time a r e v a l i d
also in t h e m o d e l by Shlimak et al . [ 1 0 6 ] .
Below we briefly analyze t h e schematics of t h e d e v i c e a r c h i t e c t u r e which satisfy t h e
scalability r e q u i r e m e n t s of t h e q u a n t u m c o m p u t e r s u g g e s t e d in p a p e r [ 1 0 6 ] . Fig . 2 0
shows schematics of t h e d e v i c e a r c h i t e c t u r e which allows o n e to v a r y l ( l e n g t h of
q u a n t u m wire ) a n d N . The d e v i c e consists of a 2 8 Si nanowire with a n array of 3 0 Si s p o t s .
E a c h s p o t is s u p p l i e d by t h e overlying A - g a t e , t h e underlying S o u r c e - d r a i n - c h a n n e l
a n d t h e lateral N - g a t e . After NTD , P d o n o r s will a p p e a r in most of t h e s p o t s ( which
t r a n s f o r m s t h e s e s p o t s into qubits ) a n d n o t a p p e a r in o t h e r s p o t s ( n o n - qubits ) . On Fig .
4 it is a s s u m e d that t h e s p o t s 3 a n d 4 a r e n o n - qubits ( 0 - s p o t s ) a n d o n e n e e d to
p r o v i d e c o u p l i n g between qubits 2 a n d 5 . For this p u r p o s e , it is n e c e s s a r y to c o n n e c t t h e
g a t e s N 2 , N 3 , N 4 a n d N 5 . The n e g a t i v e v o l t a g e a p p l i e d between o t h e r N - g a t e s a n d t h e
wire c o n t a c t L will l e a d to p r e s s i n g - o u t " 1 D - e l e c t r o n s " from all c o r r e s p o n d i n g a r e a s
a n d formation of t h e nanowire with l = 8 0 0 n m between t h e sites 2 a n d 5 only ( shown in
grey in Fig . 2 0 ) . The c o u p l i n g between qubits 2 a n d 5 will b e realized v i a injection in t h e
wire of t h e n e c e s s a r y n u m b e r of e l e c t r o n s N , u s i n g t h e p o s i t i v e v o l t a g e a p p l i e d to t h e
g a t e s N 2 - N 5 . A c c o r d i n g [ 1 0 6 ] , t h e maximal c o u p l i n g will b e realized at N = 7 , while at N
= 0 , t h e c o u p l i n g will b e totally s u p p r e s s e d .
7 . Conclusions .
To smmarize , we h a v e shown that s e m i c o n d u c t o r n a n o s t r u c t u r e s ( q u a n t u m d o t s in a
different materials , different size a n d s h a p e , a n d different kind of p r e p a r a t i o n ) c a n b e
exploited in o r d e r realize all - optical q u a n t u m e n t a n g l e m e n t s c h e m e s , e v e n in t h e
p r e s e n c e of noisy e n v i r o n m e n t s . A s c h e m e for q u a n t u m teleportation a s well a s
c o m p u t a t i o n of excitonic states in i s o t o p e - mixed crystals h a s also b e e n p r o p o s e d .
3 3
C o n c l u d i n g o u r p a p e r we simply h a v e listed t h e main p a r t s of new scientific direction
in t h e n a n o t e c h n o l o g y - isotoptronics . This direction is t h e f u r t h e r s t e p of
n a n o t e c h n o l o g y , b e c a u s e t h e size of t h e d e v i c e s is 1 0 ? 1 0 m ( s e e , also [ 1 0 ] ) . The main
p a r t s of isotoptronics a r e :
1 . H u m a n h e a l t h .
2 . N e u t r o n t r a n s m u t a t i o n d o p i n g s e m i c o n d u c t o r a n d o t h e r materials .
3 . Optical fiber .
4 . Q u a n t u m low - sized s t r u c t u r e s ( wells , wires , d o t s ) in different materials including
i s o t o p e - mixed o n e s .
5 . P r o c e s s o r s for q u a n t u m c o m p u t e r s .
6 . Isotope memory ( including o r g a n i c world ) .
7 . P r o b l e m of t h e m a s s ( elementary particles a n d cosmology ) .
8 . G e o c h r o n o l o g y .
As we c o u l d s e e from this list , s u c h wide applications of i s o t o p e s ( stables a n d
r a d i o a c t i v e ) , m a d e isotoptronics n o t only p o p u l a r in scientific society b u t also v e r y useful
in different b r a n c h e s of h u m a n life .
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Figure Captions .
Fig . 1 . a - u n p o l a r i z e d R a m a n s p e c t r u m in t h e f r e q u e n c y r e g i o n of t h e p e n t a g o n a l -
p i n c h m o d e , for a f r o z e n s a m p l e of nonisotopically e n r i c h e d C 6 0 in C S 2 at 3 0 K . The
3 8
points a r e t h e e x p e r i m e n t a l d a t a , a n d t h e solid c u r v e is a t h r e e - L o r e n t z i a n fit . The
h i g h e s t - f r e q u e n c y p e a k is a s s i g n e d to t h e totally symmetric p e n t a g o n a l - p i n c h A g
m o d e in isotopically p u r e 1 2 C 6 0 . The o t h e r two p e a k s a r e a s s i g n e d to t h e p e r t u r b e d
p e n t a g o n a l - p i n c h m o d e in molecules h a v i n g o n e a n d two 1 3 C - e n r i c h e d C 6 0 ,
respectively . The insert shows t h e e v o l u t i o n of t h e s e p e a k s a s t h e solution is h e a t e d . b -
t h e points g i v e t h e m e a s u r e d u n p o l a r i z e d r a m a n s p e c t r u m in t h e p e n t a g o n a l - p i n c h
r e g i o n for a f r o z e n solution of 1 3 C - e n r i c h e d C 6 0 in C S 2 at 3 0 K . The solid line is a
theoretical s p e c t r u m c o m p u t e d u s i n g t h e s a m p l e  s m a s s s p e c t r u m , a s d e s c r i b e d in t h e
text ( after [ 1 1 ] ) .
Fig . 2 . Mirror reflection s p e c t r a of crystals : 1 - LiH ; 2 - LiH x D 1 ? x ; 3 - LiD ; at 4 . 2 K . 4 -
s o u r c e of light without crystal . Spectral resolution of t h e instrument is indicated o n t h e
d i a g r a m ( after [ 2 ] ) .
Fig . 3 . a - Reflection s p e c t r a in t h e A a n d B excitonic polaritons r e g i o n of C d n a t S a n d
C d 3 4 S at 1 . 3 K with incident light in t h e E ó C . The b r o k e n vertical lines c o n n e c t i n g p e a k s
indicate m e a s u r e d enrgy shifts r e p o r t e d in Table 1 8 of R e f . [ 1 0 ] . In this polarization , t h e
n = 2 a n d 3 excited states of t h e A exciton , a n d t h e n = 2 excited state of t h e B exciton ,
c a n b e o b s e r v e d . b - Polarized p h o t o l u m i n e s c e n c e s p e c t r a in t h e r e g i o n of t h e A n = 2 a n d
A n = 3 f r e e exciton r e c o m b i n a t i o n lines of C d
n a t S a n d C d 3 4 S t a k e n at 1 . 3 K with t h e E ó C .
The b r o k e n vertical lines c o n n e c t i n g p e a k s indicate m e a s u r e d enrgy shifts r e p o r t e d in
Table 1 8 of R e f . [ 1 0 ] ( after [ 1 6 ] ) .
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Fig . 4 . S h a n n o n  s a v e r a g e information o r entropy H a s a function of t h e probability p
of o n e of t h e final states of a binary ( two state ) d e v i c e s . H is m e a s u r e of t h e uncertainty
b e f o r e any final state o c c u r e d a n d e x p r e s s e s t h e a v e r a g e a m o u n t of information to b e
g a i n e d after t h e d e t e r m i n a t i o n of t h e o u t c o m e . A maximum uncertainty of o n e bit ( o r
maximum g a i n information , o n c e t h e result is known ) exists when t h e two final states a r e
e q u i p r o b a b l e ( p = 0 . 5 ) . The d o t t e d c u r v e r e p r e s e n t s ( 1 - H ) ( s e e E q . 9 ) a n o b j e c t i v e
m e a s u r e of t h e " prior knowledge " b e f o r e o p e r a t i n g t h e d e v i c e ( after [ 2 2 ] ) .
Fig . 5 . Magnified views of a C D showing tracks of pits a n d flats ( after [ 2 5 ] ) .
4 0
Fig . 6 . Schematic picture of a q u a n t u m d o t in ( a ) a lateral geometry , ( b ) in a vertical
geometry a n d ( c ) is a schematic view of a lateral geometry . The q u a n t u m d o t
( r e p r e s e n t e d by a disk ) is c o n n e c t e d to s o u r c e a n d d r a i n r e s e r v o i r s v i a t u n n e l b a r r i e r s ,
allowing t h e c u r r e n t t h r o u g h t h e d e v i c e , I , to b e m e a s u r e d in r e s p o n s e to a bias v o l t a g e ,
V SD a n d a g a t e v o l t a g e , V G ( after [ 3 2 ] ) .
Fig . 7 . The Bloch s p h e r e of t h e Hilbert s p a c e s p a n n e d by P· z × a n d P¹ z × ( after [ 1 0 ] ) .
Fig . 8 . Model for a single QD . P1 1 × , P0 1 × , P1 0 × a n d P0 0 × d e n o t e t h e biexciton , t h e
exciton a n d t h e g r o u n d states , respectively . AE is t h e biexciton b i n d i n g e n e r g y . The
optical rules for v a r i o u s transition a r e indicated .
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Fig . 9 . A n e n t a n g l e d state i n v o l v i n g two p o l a r i z e d excitons c o n f i n e d in a single d o t s
was c r e a t e d a n d d e t e c t e d optically a s e v i d e n c e d by q u a n t u m b e a t s between states
P0 1 × a n d P1 0 × shown . The q u a n t u m c o h e r e n c e time ( p 4 0 p s e c . ) between t h e s e two
states is directly e x t r a c t e d from t h e decay of t h e e n v e l o p e ( after [ 5 0 a ] ) .
Fig . 1 0 . Q u a n t u m teleportation r e q u i r e s q u a n t u m e n t a n g l e m e n t a s a r e s o u r c e . In this
c a s e , Alice r e c e i v e s a qubit in a n unknown state , a n d destroys it by p e r f o r m i n g a Bell
m e a s u r e m e n t o n that qubit a n d a m e m b e r of a n e n t a n g l e d pair of qubits that s h e s h a r e s
with B o b . S h e s e n d s a two - bit classical m e s s a g e ( h e r m e s u r e m e n t o u t c o m e ) to B o b ,
who t h e n p e r f o r m s a unitary t r a n s f o r m a t i o n o n his m e m b e r of t h e pair to r e c o n s t r u c t a
p e r f e c t replica of t h e unknown state . W e c o u l d s e e o n e qubit suffices to carry two
classical bits of information .
Fig . 1 1 . Circuit for q u a n t u m teleportation . The m e a s u r e m e n t is in t h e c o m p u t a t i o n a l
basis , l e a v i n g t h e m e a s u r e m e n t result s t o r e d in t h e d a t a a n d ancila qubits . R y a n d R - y
d e n o t e rotations of 9 0 d e g r e e s a b o u t t h e y a n d - y a x e s o n t h e Bloch s p h e r e ( after [ 2 7 ] ) .
Fig . 1 2 . Schematic r e p r e s e n t a t i o n of ( a ) t h e H a d a m a r d g a t e , a n d ( b ) t h e C - NOT
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g a t e .
Fig . 1 3 . Cicuit s c h e m e to teleport u n unknown q u a n t u m state of exciton from Alice to
B o b u s i n g a r r a n g e m e n t of 3 qubits ( c o u p l e d q u a n t u m d o t s ) .
Fig . 1 4 . O n e e x a m p l e of t h e s e q u e n c e actions for q u a n t u m cryptography u s i n g
different p o l a r i z e d states of p h o t o n s ( after [ 2 2 ] ) .
Fig . 1 5 . Sattelite view of L a k e G e n e v a with t h e cities of G e n e v a a n d Nyon a n d
L a u s a n n e ( after [ 8 5 ] ) .
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Fig . 1 6 . A - E x a m p l e of unitary g a t e ; B - q u a n t u m binary g a t e s ( a ) CNOT g a t e , ( b )
C P H A S E g a t e , ( c ) S W A P g a t e ( after [ 2 2 ] ) .
Fig . 1 7 . Illustration of two cells in a o n e - dimensional array c o n t a i n i n g 3 1 P d o n o r s a n d
e l e c t r o n s in a Si h o s t , s e p a r a t e d by a b a r r i e r from metal g a t e s o n t h e s u r f a c e . " A g a t e s "
control t h e r e s o n a n c e f r e q u e n c y of t h e n u c l e a r spin qubits ; " J g a t e s " control t h e
e l e c t r o n - m e d i a t e d c o u p l i n g between a d j a c e n t n u c l e a r spins . The l e d g e o v e r which t h e
g a t e s c r o s s localizes t h e g a t e electric field in t h e vicinity of t h e d o n o r s ( after [ 9 9 ] ) .
Fig . 1 8 . A n electric field a p p l i e d to a n A g a t e pulls t h e e l e c t r o n wavefunction away
from t h e d o n o r a n d towards t h e b a r r i e r , r e d u c i n g t h e hyperfine interaction a n d t h e
r e s o n a n c e f r e q u e n c y of t h e n u c l e u s . The d o n o r n u c l e u s - e l e c t r o n system is a
v o l t a g e - controlled oscillator with a t u n i n g p a r a m e t e r J of t h e o r d e r 3 0 MHz ( after [ 9 9 ] ) .
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Fig . 1 9 . Schematics of t h e p r o p o s e d d e v i c e . After NTD , 3 1 P d o n o r s a p p e a r only
inside t h e 3 0 Si - s p o t s a n d underlying 7 4 Ge strips will b e heavily d o p e d with 7 5 As d o n o r s .
All sizes a r e shown in n m ( after [ 1 0 6 ] ) .
Fig . 2 0 . Schematics of a 2 8 Si n a n o v i r e L with a n array of 3 0 Si s p o t s ( qubits a n d n o n -
qubits after NTD ) . E a c h s p o t is s u p p l i e d by overlying A - g a t e , underlying s o u r c e - d r a i n -
c h a n n e l a n d lateral N - g a t e . This d e v i c e a r c h i t e c t u r e allows to realize a n indirect
c o u p l i n g between any distant qubits ( for details s e e text ) ( after [ 1 0 6 ] ) .
T a b l e 1 . Important times for v a r i o u s two - l e v e l systems in q u a n t u m m e c h a n i c s that
might b e u s e d a s qubits , including p r o s p e c t i v e qubits r a n g i n g from n u c l e a r physics ,
t h r o u g h atomic , electronic , a n d p h o t o n i c systems , to e l e c t r o n a n d n u c l e a r spins . The
time t switch is t h e minimum time r e q u i r e d t o e x e c u t e o n e q u a n t u m g a t e ; it is estimated a s
¤/ AE , where AE is t h e typical e n e r g y splitting in t h e two l e v e l system ; t h e d u r a t i o n of a ^
tipping p u l s e c a n n o t b e s h o r t e r t h a n this uncertainty time for e a c h system . The p h a s e
c o h e r e n c e time a s s e e n experimentally , t ® , is t h e u p p e r b o u n d o n t h e l e n g t h of time
o v e r which a c o m p l e t e q u a n t u m c o m p u t a t i o n c a n b e e x e c u t e d accurately . The ratio of
t h e s e two times g i v e s t h e largest n u m b e r of s t e p s permitted in a q u a n t u m c o m p u t a t i o n
u s i n g t h e s e q u a n t u m bits ( after [ 2 2 ] ) .
Q u a n t u m system t switch , s t ® , s Ratio
M  s s b a u e r n u c l e u s 1 0 ? 1 9 1 0 ? 1 0 1 0 9
Electrons : GaAs 1 0 ? 1 3 1 0 ? 1 0 1 0 3
Electrons : A u 1 0 ? 1 4 1 0 ? 8 1 0 6
T r a p p e d ions : In 1 0 1 4 1 0 ? 1 1 0 1 3
Optical microcavity 1 0 ? 1 4 1 0 ? 5 1 0 9
Electron spin 1 0 ? 7 1 0 ? 3 1 0 4
Electron q u a n t u m d o t 1 0 ? 6 1 0 ? 3 1 0 3
N u c l e a r spin 1 0 ? 3 1 0 4 1 0 7
.
T a b l e 2 . Truth table defining t h e o p e r a t i o n of s o m e simple logic g a t e s . E a c h row
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shows two input v a l u e s A a n d B a n d t h e c o r r e s p i n d i n g o u t p u t v a l u e s for g a t e s A N D , OR ,
a n d XOR . The o u t p u t for for t h e NOT is shown only for input B .
A B A N D OR XOR NOT B
0 0 0 0 0 1
0 1 0 1 1 0
1 0 0 1 1 1
1 1 1 1 0 0
